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Burst Process of Spherical Aerial Shells 


Y. Takishita, H. Shibamoto, T. Matsuzaki, K. Chida, F. Hosoya, and N. Kubota* 
Hosoya Kako Co., Ltd., 1847 Sugao, Akiruno, Tokyo 197-0801, Japan 
* Mitsubishi Electric Corporation, Kamimachiya 325, Kamakura 247-8520, Japan 


ABSTRACT 


The burst process of spherical fireworks 
shells has been examined experimentally and 
presented as a simplified physical model. The 
pressure in a shell was measured with a strain- 
type pressure transducer, which was inserted 
into the center of the shell. After the ignition of 
the bursting powder, pressure increased expo- 
nentially and the pressure also decreased expo- 
nentially, when the shell burst. The analysis of 
the pressure-versus-time curve indicated that the 
acting force on the stars in the shell was found 
to be dependent on various physical parameters: 
1) the shape and material of the shell, 2) the 
characteristics of the bursting charge, and 3) the 
stars in the shell. The bursting process proposed 
in this study was confirmed by the observed 
ejection process of the stars in a Japanese-style, 
“warimono”’* spherical shaped shell. 


*4 spherical shaped shell containing stars and 
bursting charge that produces a chrysanthe- 
mum-flower shaped display in sky. 


Keywords: spherical aerial shell, burst process, 
pressure impulse, star acceleration 


Introduction 


The Japanese-style shells are known to be 
completely spherical in shape,!'! ranging from 
70 to 900 mm in diameter as shown in Figure 1. 
A typical example of the biggest shell, 900 mm 
in diameter, is also shown in Figure 2. The shell 
is made of a relatively thick paper that consists 
of several pasted layers. The thickness of the 
shell wall is dependent both on the spherical size 
of the shell and the mass of the bursting charge. 
In general, the thickness of the shell wall in- 
creases as the size of the shell increases and as 
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Figure 1. Examples of typical Japanese-style 
spherical shells. 


Bern oe sd SE a5 COE SL, 
Figure 2. One of the biggest spherical shells in 
Japan. 


the mass of the bursting charge increases. Fig- 
ure 3 shows a cut-away model of a typical Japa- 
nese-style spherical warimono. A number of 
stars are set inside of the shell wall and held in 
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Ignition 
Fuse 


Charge 
Figure 3. A typical cut-away model of a 
warimono (Japanese-style spherical display 
shell). 


place with a spherical sheet of paper. A bursting 
charge is stuffed inside of the spherical sheet of 
paper. The ignition fuse is inserted into the cen- 
ter of the shell from the outside of the shell 
wall. 


The design of the warimono shells is based 
on the long-term experience and skill of the tech- 
nicians. Theoretical analysis and experimental 


data related to shell design have not been previ- 
ously reported. In this study, experimental 
measurements on the process of bursting shells 
have been conducted to evaluate the force act- 
ing on the stars and the initial velocity of the 
stars ejected from the bursting shell. 


Experimental 


To measure the force acting on the stars, 
which are placed inside of the spherical shell, 
the internal pressure generated by ignition of the 
bursting charge was measured using a pressure 
transducer. A warimono shell containing no stars 
was used as shown in Figure 4. The pressure 
was measured using a small stainless tube that 
was placed at the center of the shell. The tube 
was 8 mm in diameter, and the pressure trans- 
ducer was mounted on the stainless tube outside 
the casing. The pressure measurement setup is 
shown in Figure 5. The time response of the 
transducer was approximately 4 us. That was 
considered short enough to measure the burning 
process of the bursting charge and the pressure 
decay process of the shell burst. 


Igniter 
Shell (Paper) 


Pressure Tube 


Pressure 
Transducer 


Figure 4. The warimono used for the measurements of pressure and shell fragments. 
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Figure 5. The experimental setup used for the measurements of pressure and shell fragments. 


Pressure (MPa) 


Time (ms) 


Figure 6. A typical pressure-versus-time curve during the process of a bursting warimono shell. 


The bursting charge used was 100 g of po- 
tassium nitrate-based powder. The charge was 
ignited electrically through an ignition charge 
(0.3 g) of B/KNO; powder. The ignition signal 
and pressure were recorded by a DL708 Digital 
Scope. The chemical composition of the bursting 
charge is shown in Table 1. 
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Table 1. Chemical Composition of the 
Bursting Charge Used in this study. 


Chemical Composition % (mass) 


Potassium nitrate 
Sulfur 


Hemp charcoal 
Cooked rice powder 
Chaff 
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Figure 7. The bursting model of a warimono shell proposed in this study. 


Results and Discussion 


Figure 6 shows a typical example of the 
pressure-versus-time curve. No pressure rise was 
seen until 7 ms after the ignition signal. The 
pressure started to increase relatively smoothly 
at 10 ms then increased rapidly and reached its 
maximum of 4.4 MPa at 11.9 ms. The pressure 
decreased rapidly after reaching the maximum 


Ignition Fuse 
Bursting Charge 


Spherical Shell 


Atmospheric Pressure 
(Low Pressure) 


and returned to the initial atmospheric pressure 
within 0.5 ms. 


The combustion gas generated in the shell, 
due to the rapid burning of the bursting charge, 
raises the pressure in the shell. Since the initial 
pressure wave, generated at the center of the 
shell, propagates at the speed of sound of the 
burned gas (approximately 600 m/s), it passes 
before the pressure rises uniformly in the shell 


Bursting Charge Gas 
(High Pressure) 


Shell 
Fragments 


Figure 8. The ejection process of stars from a burst shell. 
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during the burning of the bursting charge. The 
pressure reaches its maximum when the shell 
bursts. The pressure is released, and the burned 
gas is ejected radially (i.e., to the atmosphere). 
This process is illustrated in Figure 7. No sig- 
nificant change in the shape of the shell is seen 
in Zones I and II during pressure build up. A 
large number of tiny fragments of the burst shell 
casing are created in Zone III, which are also 
ejected radially, and the pressure in the shell 
rapidly decreases. This process is illustrated in 
Figure 8. Figure 9 is a photograph of typical 
fragments of a burst shell. The tiny fragments 
are the result of the brittle fracture nature of the 
paper shell casing. 


Baa | 
Figure 9. A photograph of the typical 
fragments of a burst shell. 


Since the pressure difference between the gas 
generated by the burning bursting charge and 


———>- 


High Pressure 
Generated by 
Bursting Charge Star 
Gas 


the atmosphere is large where the shell bursts, a 
pressure difference is created between the inner 
surface and the outer surface of each star. 


It is evident that the pressure difference gen- 
erated at the shell surface acts to force the stars 
outward in a radial direction when the shell 
bursts. If one assumes that the pressure differ- 
ence between the inner surface and the outer 
surface of a star in the shell is p,, and the sur- 
face area of the shell is a,, the acting force on 
the star, F, (illustrated in Figure 10), is given by 


F.=] p, da, (1) 
The impulse acting on the star caused by the 
pressure difference, /,, is given by 

=) F, de (2) 
Substituting equation | into equation 2, one gets 

1, = J) psdasdt (3) 


Since the pressure acting on the star surface is 
dependent on the pressure decay process when 
the shell is burst, the force acting on the star is 
also dependent on the pressure decay process. It 
is also assumed that the pressure created in the 
shell acts on the inner-hemisphere of the shell 
and the atmospheric pressure acts on the outer- 
hemisphere of the shell. The effective pressure 
surface area of the star A, is given by 


A, = Vand,” (4) 


where d, is the diameter of the star. Thus, the 
impulse is given by 


I, = (“4 1d) | p.dt (5) 


Atmospheric 
Pressure 


i Force Acting on 


the Star 


Figure 10. The impulse acting on a star surface due to the high pressure generated by the bursting 


charge. 
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This impulse is converted to the momentum 
change of the star as 


I, = Mg Vs (6) 


where m, is the mass of the star and v, is the 
initial velocity of star toward the outward radial 
direction. Using equations 5 and 6, v, is repre- 
sented by 


1 2 
v= [Aa (7) 


Since the real star ejection velocity v, is consid- 
ered to be reduced by aerodynamic and me- 
chanical losses caused by gas movement and 
shell fragment formation process, the pressure 
efficiency Ny 1s defined as 


Yard? 
v,=T) [fa (8) 


The ejection model indicates that the pressure 
decay process occurring at the shell burst is an 
important parameter for the determination of the 
star ejection velocity. 


In order to evaluate the validity of the star 
ejection model represented by equation 8, a 
model calculation was done at the following 
condition: 


d,= 11mm 
m,= 1.0 x 10? kg 


Using the pressure curve p,(t) shown in Fig- 
ure 6, the ejection velocity was determined to 
be v, = 95 m/s in case of Ny = 1.0. 


The experimental results obtained by photo- 
graphic observation"! showed that the star ejec- 
tion velocity ranged from 34 to 95 m/s. Using 


equation 8 and the observed results, the pres- 
sure efficiency was determined to be np = 0.36 
to 1.0. Though the experimental values are scat- 
tered in the data and the star ejection model is a 
simplified one, the ejection process of stars 
from spherical aerial shells can be understood. 


Conclusions 


The experiments conducted in this study re- 
vealed the ejection process of the stars in a 
spherical shell. The shell wall is burst by the 
pressure created by the burning of the bursting 
charge. The pressure difference between the 
inner-side and the outer-side surfaces of each 
star in the shell is converted to the impulse given 
to each star. The impulse gives the ejection ve- 
locity of each star toward the outward radial 
direction. 


It is important to note that a large number of 
fragments are created when the shell wall is 
made of paper. This indicates that the spherical 
shell bursts uniformly along the shell surface, 
and the impulse acts on each star in a radial di- 
rection. The ejection velocity of each star is 
dependent on the maximum burst pressure cre- 
ated by the bursting charge and the inner 
spherical diameter, and the mass of each star. 
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Six Methods for Estimating the 
Formation Enthalpy of Organic Compounds 


Will Meyerriecks 
702 Leisure Avenue, Tampa, FL 33613-1835, USA 


ABSTRACT 


Finding published enthalpy of formation 
values for organic compounds is not always 
possible. Six methods are outlined for estimat- 
ing this property, each utilizing different data 
that is generally readily available in one form 
or another. Additionally, a dozen different ref- 
erences for published thermodynamic data are 
provided. 


Keywords: enthalpy of formation, heat of 
combustion, higher heating value, HHV, 
Benson group, flame temperature, free energy 
minimization 


Introduction 


The enthalpy of formation (A;H°) represents 
the energy required to form a molecule from its 
constituent elements in their standard states." It 
is required as part of the input data set for free 
energy minimization programs such as PEP”?! 
or CEA400."! Tabulated values may be found 
for various organic and inorganic compounds ina 
number of handbooks. The required value for a 
pure compound or complex mixture is sometimes 
not available. The different methods outlined in 
this article demonstrate ways of estimating the 
required value from information that is generally 
readily available, though sometimes from dispa- 
rate or seemingly unrelated sources. All ther- 
modynamic quantities are at standard conditions 
of 298.15 K and 1 bar pressure. All estimates of 
the A;H° in the following examples are for the 
solid phase. 
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Heat of Combustion 


The heat of combustion (A.H°) of a substance 
represents the heat evolved when that substance 
is completely converted to standard oxidation 
products by reaction with molecular oxygen."! 
Equation | equates the A.H° to the sum of the 
AH° of the products minus the sum of the A;H° 
of the reactants. |"! 


A.H° = XAH? products — XA;H° reactants (1) 


Equation 2 represents the ideal combustion of 
an organic compound composed of the elements 
C, H, N, O, and S: 


C,H»N,O,S, + [m + n/4 — q/2 + r]O. > 
mCOy, + [n/2] H2Ohiquia + [p/2] No + 
rSO, (2) 


The standard A;H° of the products, in kJ/mole, 
are found in Table 1. 


Table 1. Standard Heats of Formation of 
Combustion Products at 298.15 K and 
1 Bar.'°! 


Combustion A;H° 
Product (kJ/mole) 
CO, —393.522 
—285.830 


—241.826 
0.0 
0.0 

—296.842 


Tabulated values of the A,H®° are sometimes 
found where the A;H° is not. To convert from 
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Example 1: 
is -11280.4 kJ/mol." 
CisH3gO2 ’ 


dT) AFH" CO + [n/2] AH” HoOhquig mo. 


18 A;H® CO, + [36/2] AFH? HO; 


1280.4 
-11280.4 = —7083.40 + 5144.94 


C.igH36QO>, —947.94 kJ/mole 


18 (-393.522) + 18 (285. 830) ee 


The combustion enthalpy of stearic acid, C1gHssO2 (57-11-4), 


m= 18, n= 36, p =0 (no nitrogen present), q = 2, r= 0 (no sulfur present) 


XA WH? (reactants 
ia. ae + ASE TET aCe 


sn Ait Calta +2600.0) 


This compares favorably to a reference value!”! of -947.7 kJ/mol. 


one to the other, simply solve for the unknown 
in equation | using equation 2. See Example 1. 


Note: because O, and N; are already elements 
in their standard states, their reference AH° is 
0.0 and thus can be ignored* in these computa- 
tions. Generally, other elements present in many 
reactants, such as chlorine, are in trace quantities 
and do not influence the estimate significantly. 
If a reactant is considered that does include ad- 
ditional elements in non-trivial quantities, they 
would be handled in the same manner as de- 
scribed in example | for the CHONS system. 


* An additional correction may be made to account 
for the change in moles of gaseous species if the 
heat flow measurement were made in a constant- 
volume device such as a bomb calorimeter. It is not 
covered in this article due to this contribution typi- 
cally Only accounting for a correction of less than 
0.5%. 
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Higher Heating Value 


Higher heating value, sometimes abbreviated 
HHY, or referred to as caloric value! or calorific 
value,”! is actually the enthalpy of combustion 
in disguise; the sign is merely reversed by con- 
vention. It is usually used for complex or 
poorly characterized fuels such as coal and wood. 
The calculations made are the same as those 
described in example | for the A.H®. The Jower 
heating value is calculated in the same fashion 
as the higher heating value except that H,O is in 
a gaseous rather than liquid form. It is usually 
preferable to convert the data from mass-based 
to formula-based so that the calculation of the 
product coefficients is simplified, and because 
many free energy minimization programs use 
formula-based data as input. This conversion 
requires the atomic weights of the elements in- 
volved. See denis 2. 


An equation"! that is sometimes used in es- 
timating the HHV of biomass materials is: 


HHV in MJ/Kg = 0.63 + 0.39C (3) 


where C is the whole-number percentage of 
carbon. This equation was fit to 74 different 
fuels, and resulted in an 1° (quality of fit) value 
of 0.894. It is valid for many biomass fuels that 
have low concentrations of waxes and oils. The 
effective range of carbon for this equation is 
between 33 and 55 percent. 
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Example 2: 


A charcoal manufactured from sawdust and pine bark, pyrolized at 400 °C, 


was shown to have a HHV of 12094 BTU/Ib and an ultimate analysis of!" 
C 75.3%, H 3.8%, O 15.2%, N 0.8%, S 0.0%, and Ash 3.4%. 


First, convert from BTU/Ib to kJ/kg and HHV to A.H (reverse sign): 
—28131 kJ/kg = 12094 BTU/Ib x 2.326 x —1 


Next, convert percent mass to moles per kilogram: 


me ress | sa Atomic!” Weight (g/mol) _| mol/kg 


14. 00674 
32.066 
NA 


Because the original form and composition of the elements that comprise the ash portion are unknown, 
it is assumed that it makes no significant contribution to the A;H°. The resulting formula is 
Co2.7H37.709.5No.57. Since the molecular weight of this compound is | kg/mole, the A,H of —28131 kJ/kg 


is also —28131 kJ/mole. 


Using equations land 2, solve for the reactant A;H°: 


Ce2.7H32.7095No57, M = 62.7, N= 32.7 


LAsH® (products) 


XA H?* (reactants) 
AH® Cg 7H32 709. 5No.57 


— AH? Coo 7H32 709 5No.57 
AiH® Ce2.7H32.709.5No.57 


A;H° for Cg62.7H32 7095No57 is —1216 kJ/mol. 


Benson Group Additivity 


When the exact chemical structure of the 
compound is known, and it is composed of any 
of the elements CHONS or halogens, then a 
simple algorithm may be used to estimate the 
AsH® of the compound: the Benson Group Addi- 
tivity method. Most “fragmentation” methods 
are limited to gas phase estimates. The method 
of Benson is an exception. It was extended to 
the nae sane solid phases by Domalski and 
Hearing," ’ and is available in a software im- 
plementation.''*! This method also estimates the 
heat capacity, entropy, entropy of formation, 
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Gibbs energy of formation, and the natural 
logarithm of the equilibrium constant for the 
formation reaction.''”'*! This database was cre- 
ated from the analysis of 1512 different organic 
compounds.!"?! 


First, the molecule is “broken down” into 
groups. A group generally defines the unique 
combination of the non-hydrogen atom of inter- 
est and the atoms that are immediately bonded 
to it. A few of the groups, such as the carboxyl 
that is present in carboxylic acids, are com- 
posed of two non-hydrogen atoms (carbon and 
oxygen in this case) instead of one. Next, after 
these groups have been identified, additional 
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correction groups are identified where applica- 
ble. These corrections account for such things 
as next-to-nearest-neighbor ring substitution 
interactions, ring strain corrections, etc. Lastly, 
the thermodynamic values assigned to each of 


Example 3:Estimate the A;H° of cinnamic acid 
CgHgO> (621-82-9). 


In Figure 1, each group has been numbered to facilitate their identifica- 
tion. What is not shown, which is typical of molecular renderings, are the 
hydrogen atoms bonded to the carbon atoms. This method uses its own, 
simple nomenclature to describe the component groups. Figure 1 shows 
that atoms 2 through 6 are fundamentally the same: a benzene ring car- 
bon bonded to two benzene ring carbons and a hydrogen atom (that is not 
shown). In Benson notation, this is Cg—-(Cg)2(H). Table 2 lists the com- 
ponent groups, including the A;H° values from reference 13. 


the selected groups are added, and the sum is 
the estimation of the properties for the mole- 
cule. The results are surprisingly accurate de- 
spite the simplicity of the method. 


Figure 1. Cinnamic acid. 


Table 2. Benson Groups and A;H° Values'"! for Cinnamic Acid. 


Group Code | Qty. 


Group A;H° 
(kJ/mol) 


Total A;H° 
(kJ/mol) 


This compares extremely well to a reference!'*! value of —337.23 kJ/mol. 


Partial Benson Groups 


Sometimes it is not convenient to “build 
from scratch” an entire molecule using Benson 
Groups. This may be due to the number of 
groups required to model the molecule, or, more 
likely, data for a required group does not exist 
and would render the estimate incomplete. It is 
certainly possible to create new groups—see 
reference 15 for how isocyanate groups were 
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evaluated. For “one-shot” estimates this may be 
more work than is necessary. A shortcut is to 
use what the author coined as a Partial Benson 
Group approach. This method relies on having 
the AsH° value for a molecule that is very simi- 
lar in structure to the molecule with the un- 
known value. Subtracted from this “known” 
molecule are the groups and their respective 
A;H° values that do not belong, and then the 
ones required for the “unknown” molecule are 
added in yielding the estimate. See example 4. 
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Example 4: 


Estimate the A;H° of cinnamic acid, 


0. OH 


CgHgO> (621-82-9) using Partial Benson 


Groups. See Figure 1. 


p-coumaric acid (Figure 2), CoHgO3 (7400-08-0) A;H° 


—§29.69 kJ/mol,!'®! is very similar in structure to cinnamic acid (see 

Figure 1). The only difference is the hydroxyl group at the “bottom” 

of the benzene ring. The group that is needed is Cg—(Cg)2(H), but 

instead there are two groups at that location: Cs-(Cg)2(O) and 

O-(C3)(H). By subtracting the two that are not needed, and adding 

the one required, the Partial Benson Group estimate is made. See oH 


Table 3. 


Figure 2. p-coumaric acid. 


Table 3. Partial Benson Groups Estimation Method: Groups and A;H° Values, !3! 


Group AsH° 
Add/Subtract Group Code | Qty. (kJ/mol) 


p-coumaric acid A;H°: 


Total A;H° 
(kJ/mol) 


—324.91 


This compares favorably to a reference!'*! value of —337.23 kJ/mol. 


Flame Temperatures 


If the chemical formula of a compound is 
known (or calculated from an elemental analy- 
sis), but the structure is unknown, then using 
Benson Groups is ruled out. However, if a 
known pyrotechnic formulation using the com- 
pound has a measured flame temperature, then 
the A;H° may be “reverse-engineered” using a 
free energy minimization code. This assumes that 


e The measured flame temperature is accurate. 


e Chemical reactions proceed instantly 
(chemical kinetics are ignored). 


e¢ Combustion is complete at the temperature 
measurement location and does not include 
artifacts such as air entrainment cooling or 
afterburning that might alter the measured 
flame temperature and composition. 


e The free energy minimization code can ac- 
curately model the product composition at 
the specified temperature and pressure, and 
includes all species that would realistically 
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be expected to be present in significant 
quantities. 


e Gas/particle kinetic energy, condensed 
species velocity-lag, loss of energy by 
thermal radiation, etc. are all ignored. 


In an ideal, adiabatic flame, where no heat is 
gained or lost, the enthalpy of the products 
equals that of the reactants.'”! The free energy 
minimization code provides output of the com- 
bustion products present, their molar quantities, 
and the sum of their respective enthalpies at the 
stated conditions of temperature and pressure. 
Subtracting the sum of the A;H° of the reactants 
from the sum of the known A;H° of the products 
yields a useful (and optimistic) A;H° value for 
the unknown reactant. Due to the assumptions 
outlined above, this AsH° may be better re- 
garded as a practical value than as an absolute 
one. See example 5. 
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Example 5: Estimate of AfH° based on flame temperature. 


Shimizu''”! has measured the flame temperatures of many colored flames. Shellac (9000-59-3) was 
used as the fuel/binder. Its formula is CsHo 60; .!'”! Estimate the A;H° based on the following formula- 
tion at a measured temperature of approximately 2475 K:!"7! 


Ingredient AH? (kJ/mol) 


Ammonium perchlorate 


Shellac CH 6016 
Strontium carbonate SrCO3 
Sodium oxalate Na2C204 


Reviewing the results of the author’s free energy minimization code,''”! see Table 4, the difference 
in enthalpy between the products and the reactants is —52.30 kJ for 0.1304 moles of shellac. Thus, for 
this particular run, the AsH° per mole of shellac is -52.30+0.1304, or 401.07 kJ/mole. This same pro- 
cedure was used to evaluate 15 other data sets, and the overall “reverse-engineered” average was —440 
kJ/mole. The tabulated results will appear in “Organic Fuels: Composition and Formation Enthalpy 
Part II: Resins, Charcoal, Pitch, Gilsonite, and Waxes”,°! 


Table 4. CEQS58 Specified Flame Temperature Run. 


Propellant Composition: 


Ingredient AH? (kJ/mol) | Molecular Weight 


Ammonium perchlorate | 71.00% | 0.6043 | 
Shellac 


8.4645 
21.4245 
1.7157 
5.9351 


Convergence Tolerance = 1x10e-006 
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Table 4. CEQ58 Specified Flame Temperature Run (continued). 


Species with mole fractions = 0.00001: 


26.24791 
"23,98440 
10.64219 


Water veeeneeeees 


Carbon Dioxide | CO2 | 
Carbon \ M on oxid eo veeueeeneeenenpocsuaecuscaaesugecseaaesusscuesaaessapacseeey 


ise Oxide 


42226 || 
0.15795 | 
0.11011. | 


Sodium | Na [0.0 


‘Sodium Hydroxide _ 


Strontium Chloride | SrCl | 


Strontium Hydroxide 
Mass fractions: Gas 


A;H° Reactants -310.278 


gO OD ANN oct srseseant ares 


I 
— 
=) 
io) 
fo) 
=) 
ro) 
i?) 
° 
=) 
Q 
0) 
=) 
n 
® 
[or 
I 


“0.00008 |” 
0.00001 


“0.03348” 
0.03467" 
0.00453 


2475 K 
—52.3049 


Re Concasea Bet cae ee ererrerte | re encore Anne eet eer ee er err ee rere eee ree aera 


General Equations 


If all else fails, and the only information 
available is the formula or composition of the 
reactant of interest, and it is composed of a sub- 
set of the elements CHO and N, then a “one size 
fits all” approach may be used. The author fitted 
a 2-dimensional equation for compounds con- 
taining only C and H, and 3-dimensional equa- 
tions for compounds containing CHO, CHN, 
and EON to 1029 published A;H° (kJ/kg) 
values.''*! The resulting equations may be used 
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to estimate tentative AsH° values if this is the 
only option available. While the CHO equation 
provides reasonably accurate values, the quality 
of the fit (r” parameter) for the other equations is 
not as good. Care must be exercised to stay 
within the boundaries of the input parameters; 
the equations used are polynomials, which are 
not well-behaved outside of the ranges specified. 
Don’t divide by zero in equation 6 either! The 
results of the curve-fits are summarized in Ta- 
ble 5, the equations follow, and their respective 
parameters are listed in Table 6. 


Page 13 


Table 5. Generic Equations, Percent Mass Basis Ranges, and Properties for A;sH° Estimation of 
CHON Compounds. 


Data Ranges (min above, max below) 
Elements | Points P| equation 


Equations: 
y =a + bx? + cx! + dx® + ex® + fx"° (4) 
z=atbx+ cx’ + dx? + ex’ + fx? + gy + hy? + iy? + jy* + ky® (5) 
z=atb/x + c/x* + d/x? + e/x’ + f/x’ + gy + hy” + iy? + jy* + ky? (6) 
z=atbx+cy + dx’ + ey’ + fxy + gx’ + hy? + ixy? + jx’y (7) 


Table 6. Coefficients for Equations 4 through 7. 


Equation 
Coefficient} = 4 | 


—2.5167e+07 | 3917.458641 21587.57325 —14380.3534 
15831 .82837 —634.043083 —1.9311e+06 5609.81255 
—3.97590273 —26.7411923 —4.1661e+07 800.7687216 


—0.0034538 
1.05262e—05 


Curiously, equation 7 had the best 1° value 
when O and H were used as opposed to any 
other combination or ratio of C, H, O, and N. 
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Conclusion 


As illustrated, if a published A;H° value is 
not readily available, a value may be estimated 
using a variety of different methods. In addition 
to the cited references for published A;H° data, 
the reader may find the following titles of value: 


e Selected Values of Chemical Thermody- 
namic Properties, Part I. Tables, Circular 
500, F. D. Rossini, D. D. Wagman, W. H. 
Evans, S. Levine, and J. Jaffe, United 
States Department of Commerce, 1952. 


e Thermodynamic Constants of Inorganic and 
Organic Compounds, M. Kh. Karapet’ yants 
and M. L. Karapet’yants (translated from 
Russian by J. Schmorak), Ann Arbor Hum- 
phrey Science Publishers, 1970. 


e Sussex-N.P.L. Computer Analysed Thermo- 
chemical Data: Organic and Organometal- 
lic Compounds, J.B. Pedley and J. Rylance, 
Sussex University, 1977. 


e Thermodynamic Data for Mineral Tech- 
nology, L. B. Pankratz, J. M. Stuve, and N. 
A. Gokcen, Bureau of Mines Bulletin 677, 
United States Department of the Interior, 
1984. 


e NIST WebChem, National Institute of Stan- 
dards and Technology ,1998 
http://webbook.nist.gov. 
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Errata 


Issue 9, Summer 1999 — corrected words are listed in bold type to help the reader locate them. 
Page 16, Reference 11, first line should read: “11) H. H. Finlayson, “Examination of the” 

Page 21, authors’ names — last name [Ellis] should have 3 asterisks: “and S. Ellis***” 

Page 34, column 2, paragraph 2, 2™ line delete “is” should read: “..the second object is approaches” 


Page 34, column 2, paragraph 2, 4" line should read: “When the second object is only a tiny amount 
less massive than the first, the second object will take an extremely ...” 


Page 38, column 1, just above the middle should read: “This range of volumes is divided into 100 
equal parts.” 


Page 40, column 2, paragraph 2, 4 lines from the bottom should read: “For example, for a temperature 
change from a starting temperature of 7;to a final temperature 7), the change of...” 


Page 41, column 2, 2/3’s way down page equation should read: “A(PV) = PAV, and” 


Page 42, column 1, 10 lines from bottom should read: “All that is required is to measure the heat 
emitted or absorbed when a known amount of the compound...” 


Page 42, column 2, 5 lines from the bottom 283.0 should be: “x — 283.0) kJ/mol = —393.5 kJ/mol” 


Page 57, column 2, paragraph 2, line 17 should read: “solutions are sprayed into a flame or into an 
inductively ...” 


Errata continued on page 55 
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High-Nitrogen Fuels for Low-Smoke Pyrotechnics"! 


David E. Chavez, Michael A. Hiskey and Darren L. Naud* 


* Los Alamos National Laboratory, Group DX-2, High Explosives Science and Technology, 
Mail Stop C920, Los Alamos, NM 87545, USA 
E-mail: naud@lanl.gov, hiskey@lanl.gov 


ABSTRACT 


It has been demonstrated that the high- 
nitrogen compound, 3,6-dihydrazino-s-tetrazine 
(DHT), can be utilized as a pyrotechnic fuel 
requiring small amounts of metal salts for col- 
oring the flame. In addition, DHT pyrotechnic 
formulations using non-metallic oxidants, spe- 
cifically ammonium perchlorate and ammo- 
nium nitrate, produce little smoke when burned. 
In light of this application of high-nitrogen 
compounds, we have determined that two other 
high-nitrogen fuels, bis-(1(2)H-tetrazol-5-yl)- 
amine monohydrate (BTAw), 5,5'-bis-1H-tetra- 
zole (BT) and their salts are likely candidates 
for low-smoke pyrotechnic fuels. The various 
characteristics of these fuels have been exam- 
ined in some detail; these include impact sensi- 
tivity with and without oxidant ammonium per- 
chlorate, spectra of colored flames, and ther- 
mal analyses of their hydrates and salts. 


Keywords: high nitrogen fuel, low smoke, 
pyrotechnics, bis-(1(2)H-tetrazol-5-yl)-amine, 
5,5'-bis- 1 H-tetrazole, 
3,6-dihydrazino-s-tetrazine. 


Introduction 


Traditional pyrotechnic formulations are 
typically composed of carbonaceous fuels and 
metal salts. These salts are often used as both 
oxidant and flame colorant—for example, 
strontium nitrate. Such mixtures are known to 
burn with abundant smoke and often ash as 
well, which is attributed to partial combustion 
and the generation of non-gaseous products, 
particularly metal oxides. In addition, recent 
formulations have introduced chlorinated poly- 
mers for color enhancement, yet this has done 
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little to decrease the amount of noxious smoke. 
Here at the Los Alamos National Laboratory 
we have made progress in reducing smoke and 
the metal content in pyrotechnic formulations 
without sacrificing flame color. This work is 
an offshoot of our high-nitrogen synthesis pro- 
gram to synthesize high-nitrogen compounds 
for use as explosives and gas generants. It is 
our hope that this technology will alleviate the 
exposure of crew and audiences to potentially 
harmful smoke. 


Previously, Chavez and Hiskey have re- 
ported’! that 3,6-dihydrazino-s-tetrazine (DHT) 
(Figure 1), when mixed with non-metallic oxi- 
dizers and 5 wt. % coloring agents, produces 
little smoke and ash when burned."”! These for- 
mulations needed no chlorinated polymeric 
binder since the preferred oxidant, ammonium 
perchlorate (AP), acted as both oxidizer and 
color enhancer. The authors were able to make 
strong compact stars by wetting the AP formu- 
lations with water, pressing them into shape 
and drying. Because of the hygroscopic nature 
of ammonium nitrate (AN), formulations con- 
taining AN were wetted with alcohol rather than 
water. These stars were protected from mois- 
ture by dipping in nitrocellulose lacquer. In 
addition, the authors have simplified the syn- 


NHNH 


2 


Figure 1. Structure of DHT. 


Page 17 


thesis of DHT by bypassing the tedious hy- 
drazinolysis of 3,6-diamino-s-tetrazine at ele- 
vated temperature. 


Besides DHT, other high-nitrogen com- 
pounds have been studied for use as low- 
smoke pyrotechnic fuels. These compounds, 
bis-(1(2)H-tetrazol-5-yl)-amine monohydrate 
(BTAw) and 5,5'-bis-1H-tetrazole (BT) (Figure 
2), are diprotic acids and can react with basic 
amines to form mono- and di-aminated salts, 
and with metal carbonates or hydroxides to 
form metal salts. Some of these salts are hy- 
drates. By formulating these compounds with 
different ratios and compositions, it is now 
possible to achieve greater control and vari- 
ability in burn rate and ignitability of high- 
nitrogen pyrotechnic formulations than with 
DHT alone. 


H H 
/ \ 
yon Nv 
\\ /) \ l| 
N~N N-—N 
H H 
/ \ 
EN No 


Figure 2. Structures of BT (top) and BTA 


(bottom). BTAw is the monohydrate of BTA. 


Heats of Formation 


A feature of these high-nitrogen fuels is their 
large positive heat of formation (AH;), which is 
broadly described as the thermal change in- 
volved in the formation of one mole of fuel 
from its elements. Historically, because of the 
complexity of measuring absolute enthalpy, the 
elements have been assigned zero enthalpy of 
formation at standard temperature (25 °C) and 
pressure (1 atm). A compound having a nega- 
tive heat of formation denotes that the reaction 
of its constitutive elements in the appropriate 
stoichiometric ratio is an exothermic reaction. 
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An example is the reaction of two moles of 
graphite (a form of pure carbon) with 3 moles 
of hydrogen gas to produce one mole of ethane 
gas, which would release 84.5 kJ of heat. 


2C+3 Hy > CoH, + 84.5 kJ 


A compound with a positive heat of forma- 
tion absorbs heat energy for its formation. The 
formation of one mole of DHT from its ele- 
ments requires 535 kJ energy; thus its intrinsic 
chemical potential energy is comparably higher 
than that of ethane. However, it must be noted 
that the magnitude of a heat of formation based 
on a mole of material can be misleading. 


A compound of large molecular weight can 
give the impression of having an unusually large 
heat of formation. This is because the heat of 
formation is dependent on the number and types 
of chemical bonds. Compounds with high mo- 
lecular weights do, of course, have many bonds 
that contribute to the total heat of formation. 
The heat of formation of the hydrocarbon n- 
octane is —208 kJ/mol, which is more than 
twice that of ethane. This disparity could make 
one incorrectly believe that ethane has signifi- 
cantly more chemical potential energy than 
that of n-octane. For this reason it is usually 
best to compare the intrinsic enthalpies of dif- 
ferent compounds by normalizing the heat of 
formation on a per mol-atom basis. Ethane has 
8 atoms, so its normalized heat of formation is 
—10.6 kJ/mol-atom (—84.5 kJ/mol divided by 
8 atoms). The normalized heat of formation for 
n-Octane, with 26 atoms, is —8.00 kJ/mol-atom. 
Thus, it is seen that n-octane has an intrinsic 
enthalpy comparable to that of ethane gas. 


In Table 1, the heats of formation of several 
traditional and high-nitrogen fuels are reported 
on a mole and mol-atom basis. Graphite and 
naphthalene have seemingly different heats of 
formation on a mole basis, but are similar when 
calculated on a per mol-atom basis. When com- 
pared on a mole basis, sucrose has a more 
negative heat of formation than that of potas- 
sium benzoate trihydrate. However, the benzo- 
ate salt has a more negative enthalpy than that 
of sucrose on a mol-atom basis. The large nega- 
tive heat of formation of potassium benzoate is 
attributed to its being a salt and hydrated with 
three molecules of water. 
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Table 1. Heats of Formation, Heats of Reaction (balanced to CO, with AP as an Oxidizer), and 


Mol:Atom Normalized Values for Various Fuels. 


Fuels 
Graphite 


Since pyrotechnic formulations are usually 
an intimate mixture of fuel and oxidizer, the 
heats of reaction of various fuels and AP have 
been calculated and are also included in Ta- 
ble 1. The calculations are based on one mole 
of fuel reacting with sufficient AP to oxidize 
all hydrogen to gaseous water and all carbon to 
carbon dioxide. Again, for the same reasons 
that the heats of formation were normalized, 
the heats of reaction were normalized on a 
mol-atom basis and are listed in Table 1. The 
number of atoms used in normalizing the heat 
of reaction is the total number of atoms in the 
fuel and AP adjusted stoichiometrically. These 
normalized heats of reaction are comparable, 
even for fuels with large disparity in heats of 
formation, such as graphite, naphthalene and 
DHT. So, from an enthalpic perspective, it ap- 
pears unnecessary to resort to exotic compounds 
with large positive heats of formation for en- 
hancing the energy content of fuel/oxidizer 
matrices. 


Yet, these calculations were based on the 
assumption that a burning reaction reaches 
equilibrium efficiently (i.e., reacting to com- 
pletion to produce water and carbon dioxide), 
which is hardly the case. Pyrotechnicians are 
perhaps familiar with the use of naphthalene as 
a fuel, if it could be called that. A mixture of 
naphthalene and potassium chlorate burns with 
dense carbonaceous smoke, which precludes 
any notion that such a reaction effectively 
reaches equilibrium condition. Burning sugars, 
or sugar-like fuels such as starches or cellu- 
lose, are not any better. Paradoxically, potas- 
sium benzoate trihydrate, which has a low heat 
of formation on a mol-atom basis, does burn 
comparatively cleanly with an oxidizer; how- 
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AH; 
(kJ/mol-atom) 


AA xn 
(kJ/mol-atom) 


ever, it still produces much smoke. Most of 
this smoke is attributed to the formation of po- 
tassium compounds rather than soot-like com- 
bustion products. The high-nitrogen fuels, 
BTAw, BT, DHT and their derivatives, to- 
gether with the appropriate amount of oxidizer 
burn with little or no soot production. This is 
attributed to the high nitrogen makeup of these 
formulations that allows them to burn with 
great efficiency and to reach equilibrium con- 
dition rapidly. 


Because these formulations burn cleanly, 
only small amounts of metal colorants are 
needed to color the flame. This double-bonus 
of sootless flames and low metal contents has 
made these formulations desirable in low- 
smoke pyrotechnic applications. 


Sensitivity 


The sensitivity of these high-nitrogen fuels, 
their salts and mixtures with AP were meas- 
ured by impact analysis using a Type 12 ma- 
chine. More details on the procedure can be 
obtained from a handbook compiled by Do- 
bratz.'"! An impact analysis is reported as a 
drop height (Hs), which is the height where a 
2.5 kg weight—when dropped onto a 40 mg 
sample on sandpaper—has a 50% possibility 
of initiation. The maximum height that can be 
reached with the impact machine is 320 cm. For 
comparison, pentaerythrite tetranitrate (PETN) 
has a drop height of approximately 13 to 16 cm." 
The drop heights of the pure high-nitrogen fu- 
els and their metal salts are listed in Table 2. 
Most of these fuels and salts are fairly insensi- 
tive (Hs) > 320 cm), which makes them desir- 
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Table 2. Impact Sensitivities of High- 
Nitrogen Fuels and their Salts. Names 
and Formulas Are Given in the Synthesis 
Section. 


Sr-BT4w 
Ba-BT4w 
Cu-BT2w 


Cu-BTA2w 


able for storing and shipping. Pure AP oxidant, 
too, has a drop height greater than 320 cm. 
However, impact sensitivity does increase when 
these same fuels are mixed with AP. The Hs, 
values of a 34/66 weight ratio of dihydroxyl- 
ammonium 5,5'-bis-1H-tetrazole (DHA-BT) 
and AP, a 50/50 ratio of BTAw/AP, and a 


50/50 ratio of DHT/AP are 23, 27 and 33 cm 
respectively. Furthermore, the impact sensitivi- 
ties of fuel and AP mixtures have been found 
to decrease with increasing atmospheric hu- 
midity. This is typical behavior of heterogene- 
ous mixtures of fuel and inorganic oxidant, 
such as AP. Table3 shows how similar 
DHT/AP formulations increase in impact sen- 
sitivity when the relative humidity (RH) is 
dropped from ca. 60 to 25% RH. Thus mix- 
tures that are rather insensitive in a humid en- 
vironment can become more sensitive with drier 
weather. 


Stability 


Because many of these materials are hy- 
drated and amine salts, it was deemed worth- 
while to perform thermogravimetric analysis 
(TGA) to determine at which temperatures loss 
of water, loss of amine and onset of decompo- 
sition are incurred.'” To simulate the effect of 
oven-drying, the TGA was performed at an 
extremely slow rate (0.1 °C/min). An example 
of a raw TGA spectrum is shown in Figure 3, 
which is a plot of a BTAw sample’s weight 
versus temperature. Because numerous analy- 
ses had been performed and raw TGA spectra 
are unwieldy, the data were reworked and pre- 
sented in a more utilizable format (see Fig- 
ure 4). The shaded blocks in Figure 4 represent 
regions of different mass loss rates between 25 
and 225 °C. These mass losses are due to de- 
composition and evaporation of organic amine 
and hydrated water. BTAw, for example, loses 


Table 3. Impact Results of Various DHT-AP Formulations Demonstrate That Impact Sensitivity 
Is Highly Dependent on the Relative Humidity of the Atmosphere in Which the Analysis Is 
Performed. This Phenomenon Is Typical of Binary Compositions That Contain Fuel and 


Ammonium Perchlorate. 
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Composition (wt. %) 


Metal Salt 
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hydrated water at a nominal rate (between 
0.001 and 0.01%/min'*!) in a temperature re- 
gion from 74 to 94 °C. The rate increases above 
0.01%/min at 94 °C, but later falls below 
0.01%/min at 116 °C when the hydrated water 
has been depleted. Diammonium bis-(1(2)H- 
tetrazol-5-yl)-amine monohydrate (DA-BTAw), 
a substance having a more complex TGA pro- 
file than BTAw, loses water at ca. 55 °C, the 
first ammonia molecule at ca. 112 °C, the sec- 
ond ammonia molecule at ca. 165 °C, and fi- 
nally begins decomposing at ca. 180 °C. 


100 


80 


% Weight 


60 


40 
25 75 125 175 225 


Temperature (°C) 


Figure 3. TGA analysis of BTAw at a rate of 
0.1 °C/min. The loss of weight is recorded as a 
function of temperature. Hydrated water is 
first lost from 74 to 116 °C; decomposition 
begins at ca. 175 °C. 


It must be noted that impact and friction 
sensitivities of a formulation can be greatly 
enhanced by the loss of hydrated water. For 
example, the drop height of BTAw is greater 
than 320 cm, but decreases to 26 cm when 
dried to its anhydrous form, BTA. Therefore, 
great care must be taken with mixtures con- 
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taining BTA, especially when mixed with an 
oxidizer. Fortunately it is fairly difficult to dry 
BTAw to BTA (ca. 112 °C for several hours) 
and BTA readily hydrates back to BTAw in air 
at 50% relative humidity. Drying is most use- 
ful with formulations containing the tetrahy- 
drated strontium and barium salts of BT and 
BTA. Such mixtures have improved ignita- 
bility when some of the hydrated water from 
these salts is removed. 


A simple test procedure was developed to 
determine at what humidity levels anhydrous 
salts convert back to their hydrated form. Four 
hygrostats were used for these controlled ex- 
posure tests. A saturated solution of potassium 
acetate at the bottom of a sealed chamber gen- 
erates a 20% RH environment at room tem- 
perature. Likewise, saturated solutions of mag- 
nesium nitrate, sodium acetate and dibasic so- 
dium phosphate (Na,HPO,) produce 52, 76 and 
96% RH environments, respectively.”! Tared 
anhydrous samples were placed in the four 
hygro-stats and their weights were measured a 
number of times over the course of several 
weeks. Samples that rehydrated weighed more, 
while those samples that remained anhydrous 
kept their original weight. The data are noted 
in the Synthesis section. 


Ion exchanges between salts can be prob- 
lematic for some of these formulations. Hydra- 
zine and hydroxylammonium salts of BT or 
BTA can metathetically exchange with AP ina 
solution environment (such as water) to form 
stable ammonium derivatives of BT or BTA 
and the highly unstable hydrazinium and hy- 
droxylammonium perchlorates. Therefore the 
risk of forming explosive salts precludes the 
use of hydrazine and hydroxylammonium salts 
for practical applications. 
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Figure 4. The thermal gravimetric analysis (TGA) data of various fuels and metal salts that undergo 
reversible decomposition (i.e., loss of hydrated water or organic amine) were reworked for clarity. 
Shaded blocks represent regions of different mass loss rates between 25 and 225°C. These analyses 
were performed at a slow rate (0.1 °C/min) to simulate the effect of oven-drying. 


Synthesis 


The synthetic procedures described below 
should only be attempted by those experienced 
with energetic material synthesis, equipped 
with proper laboratory facilities, and capable 
of properly disposing of the hazardous chemical 
waste. The materials used are toxic and flam- 
mable, most notably sodium azide, sodium cya- 
mide and hydrazine. In addition, explosive metal 
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azides are easily formed from the metathetical 
exchange between sodium azide and metal salts. 
Some of these azides, such as silver, copper 
and lead azides, are extremely friction and heat 
sensitive. Hydrazine and its derivatives should 
be regarded as potential carcinogens and treated 
with care. All reagents were purchased from 
commercial sources except where noted. Ele- 
mental analyses were performed using a Perkin 
Elmer Series IT CHNS/O Analyzer, Model 2400. 
Poor agreement between theoretical and meas- 
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ured results is a characteristic problem in the 
elemental analysis of high-nitrogen compounds. 
However all compounds were purified to the 
point that agreement of at least two elements 
was within 0.4%. All nuclear magnetic reso- 
nance (NMR) spectra were obtained on a JEOL 
GSX-270 spectrometer. Chemical shifts (6) are 
reported relative to internal tetramethylsilane = 
0 for °C NMR spectra. 


The preparation of DHT was first reported 
in 1963,"! however, a more simplified proce- 
dure has been developed.*! The reported lit- 
erature of BT, BTAw, their salts and hydrates 
is scanty and mostly located in obscure patents 
and government reports. The predominant in- 
terest in these compounds, as detailed by the 
uncovered literature, is their use as automobile 
air-bag gas generants and rocket propellant 
additives. 


The syntheses of the numerous salts of 
BTAw and BT are similar, so a general method 
of synthesis is described here. The exact quan- 
tities and reagents are better detailed for each 
compound below that uses this general 
method. BTAw or BT, and one or two equiva- 
lents of organic amine or metal hydroxide are 
reacted in a sufficient amount of deionized 
water necessary for recrystallization. The re- 
sulting slurry mixture is stirred and heated to 
boiling, and—if necessary—filtered hot to re- 
move insoluble impurities. The clear solution is 
cooled by an ice bath to approximately 10 °C 
with vigorous stirring to initiate precipitation. 
The salt is collected by filtration and air-dried. 


5,5'-Bis-1H-tetrazole (BT) 


The preparation of BT involves two steps, 
whereby manganese _ 5,5'-bis-1H-tetrazolate 
(Mn-BT) is generated as an intermediate fol- 
lowed by its conversion to the free acid when 
treated with a buffered solution of carbonic 
acid. The following preparation is a summarized 
adaptation of a method outlined by R. A. 
Henry. |"! 


To a 5-L flask, containing 2.4 L of water, 
260 g sodium azide (4.00 mol) and 200 g so- 
dium cyanide (4.08 mol) were added. While 
being stirred and cooled by an ice bath, 220 g 
of manganese dioxide (2.53 mol) were added. 
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Afterwards, a solution—comprised of 400 g 
concentrated sulfuric acid (4.08 mol), 320 g 
glacial acetic acid (5.33 mol) and 8 g cop- 
per(II) sulfate pentahydrate (26 mmol), previ- 
ously dissolved in 1.0 L water—was added at a 
rate so that the reaction temperature was be- 
tween 20 and 30 °C. After the addition, the 
mixture was brought to 90 °C over a one hour 
period and maintained between 90 and 95 °C 
for 3 hours. The reaction was cooled and the 
crude product, possibly containing some cop- 
per salts, was filtered and air-dried to yield 390 
g of Mn-BT (102%). 


To a slurry—composed of 200 g of Mn-BT 
(1.05 mol) and 1.6 L water—was added gradu- 
ally 120 g of sodium carbonate (1.13 mol) over 
a 10 minute period. The mixture was boiled for 
1.5 hours, filtered and the solids washed with 
200 mL of boiling water. The filtrates were 
combined and neutralized with concentrated 
hydrochloric acid until CO, evolution stopped. 
An excess amount of concentrated HCl 
(140 mL) was added to ensure the precipitation 
of the di-acid, and not the less soluble acid- 
sodium salt. At this point any soluble copper 
salts were precipitated by either titrating with a 
5% sodium sulfide solution'''! or bubbling hy- 
drogen sulfide gas. Thereafter the solution was 
reduced to 700 mL by boiling, cooled to 0 °C, 
and filtered to remove the crude product. 
Yields ranged from 97 to 107 g (65 to 75%). 
'3C NMR (DMSO-d,): 5 147.7. 


The drop height of BT is 15 cm, which sug- 
gests that this material is too sensitive for use 
as a pyrotechnic fuel alone. The salts of BT, 
however, are much less sensitive and are read- 
ily applicable for low-smoke applications. It is 
strongly advised that when BT is freshly pre- 
pared and still contains moisture, that it be 
converted to the salt rather than air-dried and 
stored. 


Diammonium 5,5'-Bis-1H-tetrazolate 
(DA-BT) 


Using the general synthesis method, 10 g of 
BT (72 mmol) and 20 mL concentrated ammo- 
nium hydroxide were reacted in 300 mL water. 
DA-BT is one of the most stable high-nitrogen 
fuels; the onset of decomposition is ca. 280 °C. 
This salt is commercially available in bulk from 
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a US distributor at a cost of approximately 
US$66 per kilogram. !"7! 


Analysis for CzHgN jo: 
Calculated: C, 13.95; H, 4.68; N, 81.36. 
Found: C, 14.02; H, 4.94; N, 82.21. 


Dihydrazinium 5,5'-Bis-1H-tetrazolate 
(DHz-BT) 


Using the general synthesis method, 15 g 
BT (0.11 mole) and 11 g hydrazine monohy- 
drate (0.22 mole) were reacted in 100 mL of 
water. ‘°C NMR (DMSO-d,): 8 154.4. 


Analysis for CxHioN 12: 
Calculated: C, 11.88; H, 4.99; N, 83.13. 
Found: C, 11.93; H, 5.02; N, 83.27. 


The filtrate of the above reaction, which 
contains a significant amount of soluble DHz- 
BT, was treated with 30 mL of concentrated 
ammonium hydroxide to precipitate DA-BT. 
The recovered DA-BT can be recrystallized or 
converted to another salt. DHz-BT loses ap- 
proximately 0.6 hydrazine at ca. 130 °C, and 
loses the remaining hydrazine at ca. 195 °C. 
Star samples composed of this fuel melted and 
decomposed before catching fire. For this rea- 
son, DHz-BT is perhaps one of the poorest 
performing fuels. However, stars formulated 
with copper salts burned with relative ease, 
which is attributed to the catalytic effect of 
copper salts on hydrazine. DHz-BT might find 
use as an additive to adjust the ignitability or 
burn characteristics of pyrotechnic formula- 
tions. 


Hydrazinium 5,5'-Bis-1-tetrazolate 
(Hz-BT) 


Using the general synthesis method, BT 
(8.0 g, 58 mmol) and hydrazine monohydrate 
(2.9 g, 58 mmol) were reacted in 50 mL of water. 
TGA shows that this monoamine salt is ther- 
mally stable to 175°C. ‘°C NMR (DMSO-d,): 
6 149.3. 


Analysis for CoH6N io: 
Calculated: C, 14.12; H, 3.55; N, 82.33. 
Found: C, 14.33; H, 3.67; N, 83.28. 
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Dihydroxylammonium 
5,5'-Bis-1H-tetrazo-late (DHA-BT) 


Using the general synthesis method, BT 
(30 g, 0.22 mol) and 27 mL of 50% hydroxyl- 
amine solution (0.44 mol) were reacted in 1 L 
of water. The onset of decomposition is ca. 
200 °C. 


Analysis for CrHsgN 1902: 


Calculated: C, 11.77; H, 3.95; N, 68.61. 
Found: C, 11.83; H, 4.21; N, 68.54. 
Hydroxylammonium 


5,5'-Bis-1H-tetrazolate (HA-BT) 


Using the general synthesis method, BT 
(22.5 g, 0.16 mol) and 10 mL of 50% hydroxyl- 
amine solution (0.16 mol) were reacted in 
90 mL of water. The onset of decomposition is 
ca. 196 °C. 


Analysis for CyHsNoO: 
Calculated: C, 14.04; H, 2.94; N, 73.67. 
Found: C, 14.00; H, 2.92; N, 73.86. 


Barium 5,5'-Bis-1H-tetrazolate 
Tetrahydrate (Ba-BT4w) 


Using the general synthesis method, BT 
(3.20 g, 23.2 mmol) and barium hydroxide octa- 
hydrate (7.40 g, 23.5 mmol) were neutralized 
in 200 mL water. Ba-BT4w loses its four hy- 
drated water molecules in two stages. Two water 
molecules are readily lost when the barium salt 
is heated to ca. 40 °C, and the remaining two 
waters are lost when heated to ca. 90 °C. An- 
hydrous Ba-BT shows no indication of decom- 
position when heated above 300 °C. Because 
Ba-BT4w is partially efflorescent at room tem- 
perature, the hydrate was dried at 150 °C for 
several hours prior to elemental analysis. An- 
hydrous Ba-BT rapidly recovers one water at 
20% RH over a period of three days. In the 
same time, the dry salt recovers two water 
molecules at 52 and 76% RH. At 96% RH, two 
waters are rapidly hydrated, and the remaining 
two waters are slowly recovered over a period 
of three weeks. 


Analysis for C2NsBa-4H,0: 
Calculated: C, 8.79; H, 0; N, 40.99. 
Found: C, 8.79; H, 0.19; N, 40.80. 
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Strontium 5,5'-Bis-1H-tetrazolate 
Tetrahydrate (Sr-BT4w) 


Using the general synthesis method, BT 
(1.37 g, 9.9 mmol) and strontium hydroxide 
octahydrate (2.66 g, 10 mmol) were neutralized 
in 50 mL water. Four molecules of hydrated wa- 
ter are lost when Sr-BT4w is heated to ca. 75 
°C. Similar to the barium salt, this material ap- 
pears to be thermally stable above 300 °C. An- 
hydrous Sr-BT recovers approximately one 
half water over three weeks at 20% RH. At 
52% RH and above, the dry salt recovers ap- 
proximately three water molecules within three 
days, while the fourth water is hydrated slowly 
over a period of four weeks. 


Analysis for C2NgSr-4H,O: 
Calculated: C, 8.12; H, 2.73; N, 37.89. 
Found: C, 8.07; H, 2.60; N, 38.13. 


Copper(ID 5,5'-Bis-1-tetrazolate 
Dihydrate (Cu-BT2w) 


To a warmed solution composed of BT 
(1.38 g, 10 mmol) and 50 mL water was added 
a solution of copper(II) sulfate pentahydrate 
(2.5 g, 10 mmol) and 20 mL water. The bright 
blue solid was filtered and air-dried. Cu-BT2w 
loses one molecule of water readily below 
80 °C, and loses its second water from 80 to 
110°C. The copper salt is fairly stable having 
an onset of decomposition from ca. 140 to 
145 °C, 


Analysis for C2NgCu-2H20: 
Calculated: C, 10.19; H, 1.71; N, 47.55. 
Found: C, 10.12; H, 1.86; N, 46.04. 


3,6-Dihydrazino-s-tetrazinium 5,5'-Bis-1H- 
tetrazolate Dihydrate (DHT-BT2w) 


To 13.8 g of BT (0.10 mol) in 200 mL of 
water was added 14.2 g DHT. The slurry was 
stirred for 48 hours, whereupon the original 
red color of DHT changed to a bright orange. 
The product was collected by filtration and air- 
dried. The two hydrated waters are rapidly lost 
at ca. 75 °C. Anhydrous DHT-BT remains non- 
hydrated at 76% RH, but recovers the two wa- 
ter molecules at 96% RH over a period of sev- 
eral weeks. 
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Analysis for C4HgN 1¢6:2H.2O: 
Calculated: C, 15.19; H, 3.82; N, 70.87. 
Found: C, 15.28; H, 3.84; N, 71.59. 


Bis-(1(2)H-tetrazol-5-yl)-amine 
Monohydrate (BTAw) 


The syntheses of BTAw and its hydrated, 
acid sodium salt were first described by Norris 
and Henry.''*! In one method cyanoguanyl 
azide is treated with azide in the presence of a 
trialkylammonium salt as an acid catalyst; in 
the second, sodium dicyanoamide is reacted 
with azide and trialkylammonium salt catalyst. 
These preparations have the drawback of util- 
izing a commercially expensive catalyst that 
converts to an odorous free-based trialkylamine 
as a by-product. Highsmith et al. have improved 
the synthetic method in their detailed US patent; 
for convenience, an extracted excerpt (Exam- 
ple 27) of the highest yielding method is in- 
cluded as note 14. It should be noted that the 
patent authors have not characterized nor in- 
ferred the synthesized amine as the monohy- 
drate. The effect of drying the product in vacuo 
at 60 °C for three days, as specified by Exam- 
ple 27, is insufficient for converting the mono- 
hydrate to the anhydrous form. This might have 
been an oversight since their reported method 
of characterizing the amine was by '"C NMR 
only, an analytical technique that cannot detect 
hydrated water. Using the patented synthesis 
method, the authors estimate the bulk cost of 
BTAw to be between US$50 and $100 per 
kilogram. '°C NMR (DMSO-d,): 8 153.4. 


The purification of BTAw, which was eas- 
ily done by recrystallization from water, was 
critical for proper burning and flame coloration 
of our pyrotechnic formulations. To 4 L of 
boiling water were added 85g of crude BTAw. 
The solution was filtered hot and cooled slowly 
with stirring. The material was collected by 
filtration and air-dried. As shown in Figures 3 
and 4, hydrated water is lost very slowly at ca. 
80 °C but increases in rate when heated to ca. 
110 °C. Anhydrous BTA remains non-hydrated 
at 20% RH and becomes 70% hydrated after 
one week at 52% RH. The onset of decomposi- 
tion of BTA is approximately 170 °C. The im- 
pact sensitivity of pure BTAw is greater than 
320 cm but drops to 26 cm when converted to 
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the anhydrous form, BTA. Thus for reasons of 
safety it is not desirable to dry BTAw to the 
anhydrous form for use as a pyrotechnic fuel. 
In addition, given that a 50/50 wt. % mixture 
of BTAw and AP has an impact sensitivity of 
27 cm, it is very likely that such a mixture—if 
dried to remove the hydrated water—would 
exhibit much greater sensitivity. Our typical 
BTAw pyrotechnic formulations consisted of 
50/50 wt. % fuel to AP, to which some metal 
salt colorant was added. More details on these 
and other formulations are in the Flame Color 
section. 


Diammonium Bis-(1(2)H-tetrazol-5-yl)- 
amine Monohydrate (DA-BTAw) 


Using the general synthesis method, BTAw 
(5.8 g, 34 mmol) and concentrated ammonium 
hydroxide solution (5.7 g, 0.10 mol) were neu- 
tralized in 30 mL water. °C NMR (DMSO-d.): 
6 158.9. 


Analysis for C2H9N1\"H20: 
Calculated: C, 11.71; H, 5.40; N, 75.09. 
Found: C, 11.99; H, 5.54; N, 75.26. 


DA-BTAw is one the most soluble high- 
nitrogen salts, which makes its use as a pyro- 
technic fuel impractical. Synthesis and purifi- 
cation of this material usually resulted in poor 
yield due to attrition, and again, there was more 
loss of the fuel through leaching when DA- 
BTAw formulations were wetted with water 
and processed into stars. 


Ammonium Bis-(1(2)H-tetrazol-5-yl)-amine 
(A-BTA) 


Using the general synthesis method, BTAw 
(17.1 g, 0.10 mol) and concentrated ammonium 
hydroxide (5.8 g, 0.10 mol) were neutralized in 
500 mL of water. This mono-ammonium salt 
has a very low bulk density, having the ap- 
pearance of cotton. This ammonium derivative 
of BTA is much less soluble in water than DA- 
BTAw. °C NMR (DMSO-d,): 5 156.2. 


Analysis for CoH6N 10: 
Calculated: C, 14.12; H, 3.55; N, 82.33. 
Found: C, 14.27; H, 3.61; N, 82.58. 
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Dihydrazinium Bis-(1(2)H-tetrazol-5-yl)- 
amine Monohydrate (DHz-BTAw) 


Using the general synthesis method, BTAw 
(17.1 g, 0.10 mol) and hydrazine monohydrate 
(10.5 g, 0.21 mol) were neutralized in 175 mL 
water. DHz-BTAw is efflorescent at room tem- 
perature depending on the level of humidity and 
length of exposure to dry air. The anhydrous 
form of this salt recovers one water molecule 
at 20% RH over several days. 


Analysis for C.H,,N)3-H2O: 
Calculated: C, 10.21; H, 5.57; N, 77.41. 
Found: C, 10.19; H, 5.88; N, 76.61. 


Hydrazinium Bis-(1(2)H-tetrazol-5-yl)- 
amine (Hz-BTA) 


Using the general synthesis method, BTAw 
(8.0 g, 47 mmol) and hydrazine monohydrate 
(2.4 g,47 mmol) were reacted in 125 mL water. 


Analysis for C,H7Ni1: 
Calculated: C, 12.97; H, 3.81; N, 83.22. 
Found: C, 13.16; H, 3.96; N, 83.52. 


Strontium Bis-(1(2)H-tetrazol-5-yl)-amine 
Tetrahydrate (Sr-BTA4w) 


Using the general synthesis method, BTAw 
(6.3 g, 37 mmol) and strontium hydroxide oc- 
tahydrate (10 g, 38 mmol) were neutralized in 
400 mL water. The anhydrous form of Sr-BTA 
recovers about two water molecules after one 
month at 20% RH. Over the same period, all 
four waters are recovered at 52% RH. 


Analysis for CxHNoSr-4H20: 
Calculated: C, 7.73; H, 2.92; N, 40.56. 
Found: C, 7.77; H, 2.75; N, 40.85. 


Barium Bis-(1(2)H-tetrazol-5-yl)-amine 
Tetrahydrate (Ba-BTA4w) 


Using the general synthesis method, BTAw 
(2.6 g, 15 mmol) and barium hydroxide octa- 
hydrate (5.0 g, 16 mmol) were neutralized in 
300 mL water. The tetrahydrated salt readily 
loses three waters at ca. 60 °C, but the removal 
of its fourth (last) water requires prolonged 
heating at ca. 175 °C. The monohydrate of Ba- 
BTA does not recover any water at 20% RH, 
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but hydrates the remaining three molecules of 
water at 52% RH over a period of one month. 


Analysis for C,HN,Ba-4H,0: 
Calculated: C, 6.66; H, 2.52; N, 34.97. 
Found: C, 6.72; H, 2.28; N, 35.30. 


Copper(I]) Bis-(1(2)H-tetrazol-5-yl)-amine 
Dihydrate (Cu-BTA2w) 


To a boiling solution of BTAw (1.0 g, 
5.9 mmol, in 50 mL water) was added a solu- 
tion of copper(II) sulfate pentahydrate (1.5 g, 
6.0 mmol in 20 mL water). The green precipi- 
tate was filtered and air-dried. 


Analysis for C3HNoCu-2H,0: 
Calculated: C, 9.58; H, 2.01; N, 50.29. 
Found: C, 9.65; H, 1.96; N, 49.84. 


3,6-Dihydrazino-s-tetrazine (DHT) 


The various synthetic methods of DHT have 
been discussed in previous publications.°"*! 
DHT formulations containing copper salts have 
been found to be unsuitable for long term stor- 
age, especially in humid environments. Stars 
composed of such formulations swelled into 
dark porous masses approximately twice their 
original size when stored for several months. 
In addition, the burn rate of DHT is increased 
by the addition of copper salts. For these rea- 
sons, the authors have relied on BTAw and BT 
as the choice fuel-base for all formulations 
containing copper colorant. Iron(III) oxide was 
found to profoundly increase the burn-rate of 
DHT, and the authors strongly advise not to use 
it in DHT-based formulations. 


Flame Color 


Colored flames are obtained by the intro- 
duction of metallic salts into a fuel/oxidizer 
matrix. The excitation of gaseous metal mono- 
chlorides is the chief source of the emission 
spectra for copper, strontium and barium 
flames.''*! In many traditional pyrotechnic 
formulations, chlorine sources such as PVC or 
Parlon® are used to enhance the formation of 
the monochlorides. In order to achieve the 
cleanest burn with the least amount of smoke, 
these high-nitrogen formulations have AP as 
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both oxidizer and chlorine donor. It is possible 
to substitute some of the AP with AN without 
serious loss in color-performance, but for sake 
of simplicity, singly recrystallized AP!'®! was 
used exclusively. 


The flame colors of various star composi- 
tions were measured using an Ocean Optics 
S2000 Series Fiber Optic Spectrophotometer 
coupled to a SADS500 interface. The diffraction 
grating was type 2 (200-850 nm) and the en- 
trance slit was 25 microns wide. The instru- 
ment wavelength response was calibrated with 
an LS-1 tungsten halogen light source obtained 
from Ocean Optics. Although Ocean Optics 
gives the color temperature of the light source 
as 3100 K, Meyerriecks!'”! believes the true 
filament temperature to be closer to 3030 to 
3035 K. The authors chose 3035 K as the fila- 
ment temperature and calculated the appropri- 
ate emittance data as a function of wavelength 
using Planck’s formula. 


With these emittance values and the spec- 
tral data of the tungsten halogen lamp, wave- 
length dependent correction coefficients were 
calculated and incorporated into a spreadsheet. 
The spreadsheet was used to tabulate spectral 
data, correct instrument response, integrate and 
calculate a color coordinate using C.I.E. 1931 
tristimulus coefficients. This was done by mul- 
tiplying the emittance with each of the three 
tristimulus coefficients (in 5 nm increments) to 
give three subsequent curves. These curves 
were numerically integrated to give three ar- 
eas, represented as X, Y, and Z. The x and y 
color coordinates were obtained by normaliz- 
ing the areas. 


x= X/(X+Y+Z) and y = Y / (X+Y+Z) 


Fortner and Meyer''*! provide a comprehensive 
discussion about the C.I.E. color system and its 
history. This method is a reasonable attempt to 
characterize visually observed color in a 2-D 
coordinate system. 


Some of these formulations were burned as 
a powdered mix while other times they were 
burned as stars. Stars were made by wetting 
the formulation with deionized water, pressing 
them into shape and air-drying. No discernible 
spectral difference could be found between 
powder and star samples. The samples were 


Page 27 


Table 4. Color Coordinate Values (C.I.E. 1931) of Various DHT Formulations. 


Color | 


Composition CEE % 


| Metal — Salt 


burned on a porcelain plate, and the position of 
the fiber optic lens relative to the burning sample 
was adjusted to obtain the greatest response by 
the spectrophotometer. A number of burns 
were recorded, and those that gave reasonably 
similar values were averaged. Reproducibility 
was generally good with an estimated variabil- 
ity of +/— 0.01 in the color coordinates. 


Tables 4, 5 and 6 list various high-nitrogen 
pyrotechnic formulations together with their 
measured coordinate color values. In addition 
to the above color data, three pyrotechnic for- 
mulations describing the primary colors—red, 
blue and green—were prepared from traditional 
ingredients and analyzed spectrophotometri- 
cally. Their formulations and respective color 
coordinates are given in Table 7. These formula- 
tions were selected from a large collection of 
traditional formulations and tested for best color 
purity. In spite of this, and because of the enor- 
mous quantity of published pyrotechnic formu- 
lations, the authors do not suggest that these 
have the best color purity of all formulations. 
Nevertheless, they are useful for comparing 
traditional and high-nitrogen flame colors. 
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To illustrate the enhanced color purity of the 
high-nitrogen flame, Figure 5 is a graph of the 
color coordinates taken from Tables 4 through 7 
of the 1931 C.LE. Chromaticity Diagram. The 
triangle in the center of the diagram is con- 
structed from the three color coordinates ob- 
tained from Table 7. This triangular area repre- 
sents the approximate region of possible colors 
when different ratios of the primary colors, 
green (barium), blue (copper) and red (stron- 
tium) are mixed in a traditional-style formula- 
tion and burned. In theory, these colors are 
limited to the ingredients listed in Table 7. All 
of the high-nitrogen color coordinates repre- 
senting formulations containing 5 to 7 wt. % of 
barium, copper or strontium colorants fall out- 
side of the triangle. (The few points within the 
triangle are formulations that do not contain 
barium, copper or strontium.) This demon- 
strates that color purity of pyrotechnic flames 
can be improved by the use of high-nitrogen 
fuels. 
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Table 5. Color Coordinate Values (C.I.E. 1931) of the Various BT-Based Formulations. 


Composition (wt. %) 
DHT-BT2w | _AP__| Metal Salt____| Color _|__x—_|__y _ 
Sr-BTA4w 
Cu-BTA2w 
Ba-BT4w 


Sr-BT4w 
Cu-BTA2w 
Sr-BT4w Red-Purple 
Cu-BTA2w 
CaCO; Pink 
Cu-BTA2w 
Ba-BT4w Blue-Green 


Sr-BT4w 
Cu-BTA2w 
Ba-BT4w 


Sr-BTA4w 
Cu-BTA2w 


Sr-BTA4w 
Cu-BTA2w 
Ba-BTA4w 
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The greatest improvement in color purity is 
that of barium green. Traditional color flames 
have color coordinate values that center about 
x= 0.4 and y = 0.5, which make it nearly im- 
possible to generate blue-green flames with 
mixtures of barium and copper salts. Such tradi- 
tional compositions generate white light, or pale 
blue-green at best. High-nitrogen green flames, 
on the other hand, are considerably more pure 
and have color values shifted away from the 
central portion of the chromaticity diagram 
(white light region). For this reason, formula- 
tions containing mixtures of copper and barium 
give aesthetically pleasing shades of blue-green. 
High-nitrogen formulations with boric acid col- 


orant do not give a deep green color that can be 
obtained with barium salts, but the much less 
toxic nature of boric acid makes it suitable for 
indoor applications. The color purity of DHT/ 
boric acid composition is nearly the same as the 
best traditional barium formulation. Coloring 
high-nitrogen flames with very low concentra- 
tions (ca. 1%) of lithium salts create interesting 
shades of pumpkin-orange, whereas calcium 
carbonate gives an intense red-orange color. 
Formulations with copper and calcium salts 
generate a wide variety of intense pink, purplish 
pink and purple flames. Strontium and copper 
salts give bright and pure shades of purple and 
red-purple flames. 


Table 6. Color Coordinate Values (C.I.E. 1931) of the Various BTA-Based Formulations. 


Composition (wt. %) 


|_BTAW __| _AP__| Metal" Salt(s)_|__Golor_| _x-_| _y 


Oe t= a =, 
_Cu-BTA2w | Blue | 
Ba-BT4w 


Ra Tl a a age ieee 


*The spectrum of this formulation is shown in Figure 6. 
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Table 7. Color Coordinate Values 

(C.LE. 1931) of the Red, Blue and Green 
Formulations Using Traditional Ingredients. 
These Formulations Were Found To Burn 
with Best Color Purity. 


{ eorwmestons llveden | ge. il || 
re =| [| 


60% — 
nitrate, 
0.653 |0.315 
10% Polyvinyl 
chloride 


a ae ae Potassium 
perchlorate 


Blue 0.218 |0.185 


a Dextrin 


rs ee a Barium 
nitrate 
18% Polyvinyl 
chloride 
Green |0.366 | 0.522 


6% Potassium 
perchlorate 


pac a Hexamine 
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In Figure 6, the spectra of the three tradi- 
tional formulations representing the primary 
colors (Table 7) are shown together with se- 
lected spectra of high-nitrogen flames. The 
most apparent difference is that traditional blue 
and green spectra have poorer baselines. The 
extra light output over most of the visible spec- 
tral region is akin to “washing out” the blue or 
green light with white light. Because strontium 
monochloride emits light efficiently, the base- 
lines of both traditional and high-nitrogen red 
spectra are comparatively better. In the tradi- 
tional red spectrum, however, there is a broad 
peak of significant intensity at ca. 606 nm (red- 
orange). This emission, which is attributed to 
SrOH, slightly degrades the red color purity. 
Additional sources of color degradation come 
from sodium (589 nm) and potassium impuri- 
ties, which are ubiquitous in traditional ingredi- 
ents. Fortunately this is less of a problem with 
high-nitrogen formulations due to their inherent 
purity. 
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eae C.I.E. 1931 
Chromaticity Diagram 
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Figure 5. Color coordinates taken from Tables 4 through 7 are shown on a C.I.E. 1931 Chromaticity 
Diagram. The central triangular region approximately represents the possible colors that can be 
obtained using traditional fuels and barium, copper and strontium metal colorants (see Table 7). 
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Red, Blue and Green Spectra 


Intensity 


380 480 580 680 780 


Wavelength (nm) 


Figure 6. Cleaner baselines and reduced ancillary emissions from impurities are the typical 
differences between the spectra of traditional (see Table 7) and high-nitrogen flames. The spectra are 
from top down: high-nitrogen strontium red; traditional strontium red; high-nitrogen copper blue; 
traditional copper blue; high-nitrogen barium green and traditional barium green. The formulations 
of the high-nitrogen spectra are the first three in Table 6. The peak at 589 nm is due to sodium 
impurity. The traditional blue and green formulations generated strong potassium emissions 

(ca. 760 nm) that were clipped by the spectrophotometer. The calculated color coordinate values for 
these spectra were not corrected because the tristimulus values are approximately zero in this clipped 
region. 


Journal of Pyrotechnics, Issue 10, Winter 1999 Page 33 


Table 8. Three Primary Color Series Were Formulated and Photometrically Analyzed To 
Demonstrate the Effect of Metal Salt Concentration on Flame Color Purity. The Formulations 
Are in Wt. % and the Color Coordinates Are Based on the C.LE. 1931 System. 


The effect of varying the concentration of 
metal salt on flame color purity was measured 
for red, blue and green high-nitrogen flames. 
The experimental color coordinates for the three 
color series are found in Table 8. Figure 7 gives 
detailed placement of these coordinates on the 
C.LE. 1931 Chromaticity Diagram. For red col- 
ored flames, the transition where the color rap- 
idly deteriorates with decreasing amount of Sr- 
BT4w is approximately 2 wt. %. Although for- 
mulations within the 2 to 5 wt. % metal colorant 
range have similar color values (i.e., the same 
color purity), a 5 wt. % strontium formulation 
has amore intense color than that of the 2 wt.% 
formulation. For the blue series, formulations 
composed of 3 to 7.5 wt. % Cu-BT2w gave 
similar color values, and only with 1.8 wt. % 
copper salt did the color degrade only slightly. 
Statically burned copper-based blue stars had 
unaesthetic orange flame tips. However, the 
orange flame-tips disappear when the burning 
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BT4w 
5.0 


stars are propelled through the air or burned in 
a nitrogen atmosphere. It is believed that the 
blue-emitting species, CuCl, is converted by 
atmospheric oxygen to CuO (orange-emitting) 
in the outer envelope of the flame. Burning a 
star in nitrogen atmosphere precludes the forma- 
tion of CuO, and it may be that when a burning 
star is moving through the air, the flame envelope 
is too cool for CuO emission. Flame-tip chemis- 
try is briefly discussed in a pyrotechnic trea- 
tise.'"”! The green series—five formulations of 
varying Ba-BT4w concentrations—shows that a 
fairly concentrated amount of barium salt (ca. 
17.5 wt. %) is needed for the best possible color 
purity. However, a formulation composed of 
25 wt. % Ba-BT4w has a color purity no better 
than that obtained from 5 wt. % Ba-BT4w. This 
degradation in color purity with formulations 
greater than 17.5 wt. % is attributed to the in- 
candescence of solid barium products. 
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Figure 7. The same high-nitrogen color series taken from Table § are represented on a C.LE. 1931 
Chromaticity Diagram. These results demonstrate that color purity can still be maintained with 


unprecedented low levels of metal salts. 


Conclusion 


A number of high-nitrogen fuels and salts 
were synthesized and investigated for their utility 
in low-smoke applications. It was found that 
mixtures of high-nitrogen fuels and oxidant am- 
monium perchlorate require only | to 7 wt. % 
metal colorants to achieve exceptionally pure 
flame colors. This level of metal content is con- 
siderably less than that found in traditional py- 
rotechnic formulations. The spectral data of a 
large variety of burning high-nitrogen formula- 
tions were gathered and converted into useful 
C.I.E. 1931 color coordinates. These results are 
reported together with those of several tradi- 
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tional pyrotechnic formulations. In addition, im- 
pact sensitivity testing was performed to pro- 
vide baseline hazards of these high-nitrogen py- 
rotechnic ingredients, and thermogravimetric 
analysis was conducted to provide stability data. 
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ABSTRACT 


Firework maroon shells were exploded in- 
side mild steel spiral wound mortar tubes with 
various mitigation systems in place. It was 
found that the number of fragments was sub- 
stantially reduced when the tube was prevented 
from expanding freely by sandbags or by burial 
of the tube in sand. For mitigation systems that 
allowed free expansion of the tube, the number 
of fragments was similar to that produced when 
no mitigation was employed. Mitigation systems 
should extend to the top of the tube to prevent 
fragments from hitting spectators or operators 
at displays. 


Keywords: firework, mortar tube, safety, frag- 
ment, mitigation, steel, sandbag 


Introduction 


When steel tubes are used to launch firework 
shells a major hazard occurs when the lifting 
charge of the shell fails to ignite and the burst- 
ing charge explodes when the shell is still in the 
mortar tube. This can cause the mortar tube to 
fragment resulting in the production of ener- 
getic projectiles. Such accidents have resulted 
in fatalities in Japan''! and the United States!”! 
and severe injuries to operators and specta- 
tors.'**! An accident of this type occurred at 
the Glasgow Garden Festival in 1988, as a re- 
sult of which a firework display operator had to 
have his leg amputated. Six spectators were 
also injured.'! Following this, the UK Health 
and Safety Executive initiated research into 
mortar fragment hazards. 


Previous work in the literature has shown 
that the premature explosion of maroon shells 
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in 0.8 mm wall thickness mild steel tubes can 
cause fragments with masses of up to 200 g to 
be produced"! and that they can be projected up 
to 120 metres.'” In addition, other work'®! has 
shown that mortar fragments with masses of up 
to 100 g are capable of travelling at 512 m/s. 
Fragments of this type have sufficient energy to 
cause severe penetrative injuries while larger, 
slower moving fragments could also cause inju- 
ries by blunt trauma."! Clearly, it would be un- 
acceptable if such fragments hit spectators at a 
display. Therefore, methods are needed to en- 
sure that the fragments are prevented from 
reaching spectators or operators. Methods in 
current use include the implementation of large 
safety distances, remote firing, burying the 
mortar tubes in the ground, containing them 
within sand- or earth-filled barrels, or surround- 
ing them with sandbags. A survey of current 
UK fireworks practice that covered mitigation 
methods!'”! indicated a fairly extensive use of 
partially buried mortar tubes, especially for the 
larger calibres, but only rarely was the exposed 
portion of the mortar tube protected. 


The aim of the present work is to compare the 
effectiveness of two ‘contact’ mitigation meth- 
ods (sandbags and burial in sand-filled barrels), 
and a system using tyres, which allows free ex- 
pansion of the mortar tube, as a means of miti- 
gating the effects of fragments created by the 
explosion of shells in spiral wound steel mortar 
tubes. Tyres are a recognised form of screening 
to reduce projectile hazards in the demolition 
industry.!'1"!! 
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Experimental 


Mass and linear distance measurements made 
during this work can be traced to National 
Standards. 


The shell and mortar tube combinations that 
had been shown to produce the largest number 
of fragments in previous work were used.|'?! 
Most trials used 75 and 152 mm calibre spiral 
wound tubes with maroon shells fired in them. 
A few firings were carried out in 160 mm tubes 
with effect multibreak shells. In all cases the 
lifting charge was removed, the shell inverted, 
and suspended in the mortar tube at the desired 
height. The spiral wound tubes were made from 
a 0.07% carbon steel, according to British Stan- 
dard 1449, with mild steel base plates welded to 
the tubes using a Metal Inert Gas (MIG) tech- 
nique. Lengths and wall thicknesses of mortar 
tubes are given in Table 1. 


Table 1. Mortars Used in Fragmentation 
Trials. 


Wall Length of 


Calibre | Thickness | Mortar Tube 


(mm) (mm) (mm) 


Table 2. Barrels used in Mitigation Trials. 


The mitigation systems used were as follows: 


Tyres: Used car tyres, intended to fit 13 inch 
(330 mm) diameter rims, were stacked on top of 
each other and tied together. Mortar tubes of 75 
or 152 mm calibre were placed, free standing, 
centrally inside the stack. Tests in which the 
75 mm shell was suspended half way up the 
mortar tube had tyres extending to the top of 
the tube or to the top of the shell. For shells 
fired half way up 152 mm tubes, the tyres ex- 
tended to the top of the tube. 


Barrels: Details of the barrels used are given 
in Table 2. Mortars were positioned on the ma- 
jor axis and sand was then placed in the barrels 
in layers 30 cm deep and tamped after each 
layer was added. The process was repeated until 
the sand was 20 mm from the top of the barrel 
for the 75 mm mortar tubes and flush with the 
top of the barrel for the 152/160 mm tubes. Tri- 
als were also carried out with mortar tubes 
placed in empty 220-225 litre barrels and 70 
litre bins (Table 2). Sufficient sand (<10 cm) 
was put in the base of the barrel to allow the 
mortar tubes to remain upright. The distance 
from the outside of the tube to the inside of the 
barrel wall was 230mm for 225 litre barrels 
with 75 mm tubes, 190 mm for 225 litre barrels 
with 152/160 mm tubes, and 150mm for 70 
litre bins with 75 mm tubes. 


Wall 
Height | Diameter | Volume | Thickness 
Description of Barrel Material (mm) (mm) (litres) (mm) 


Extrusion blow moulded drum with 
compression moulded L-shaped rings top 
and bottom 


Extrusion blow moulded drum with two | 


Extrusion blow moulded plastic bin. Open 
top 
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Sandbags: Woven polypropylene bags (lay- 
flat dimensions of 770 mm length x 335 mm 
width) were filled with sand and packed around 
the mortar tube. The bags were either stacked to 
a height level with the top of the tube or to a 
height level with the top of the shell, which was 
suspended half way up the tube. The distance 
from the outside of the mortar tube to the out- 
side edge of the sandbag mitigation system was 
240 mm, which was comparable with trials us- 
ing 225 litre barrels. 


Some of the sandbag and barrel mitigation 
experiments were carried out twice, once using 
dry sand and once using damp sand. The damp 
sand had a moisture content in the range 8.5— 
12.2% (w/w), the comparable range for dry sand 
was 0.4—2.6% (w/w). Moisture contents were 
determined gravimetrically. 


Tests were carried out in the middle of a4 m 
square Blast Cell which had wood-lined walls to 
trap high velocity fragments. To determine the 
effectiveness of the mitigation systems, frag- 
ments were classified as either penetrating into 
the wood lining of the Blast Cell, lying on the 
floor of the Blast Cell or being trapped in the 


mitigation system. 
Results 


Results for the 75mm mortar tubes with 
various methods of mitigating the fragments are 
shown in Table 3 [at the end of the article] and 
Figure 1. These indicate that: 


1. The number of fragments was greatly re- 
duced by mitigation systems in intimate con- 
tact with the mortars, such as sandbags or 
sand-filled barrels, while the reduction in 
number of fragments was much less in the 
case of systems which had an air gap be- 
tween the mortar tube and the mitigation 
systems, such as tyres or empty barrels. 


2. The effectiveness of the mitigation system in 
retaining fragments was increased when it 
covered the full length of the tube, rather 
than extending only to the top of the shell. 


3. The most hazardous situation occurred when 
a shell was exploded at the top of the mortar 
tube because more fragments escaped from 
the mitigation system with sufficient energy 
to penetrate into the wood lining of the Blast 
Cell. 


Bags to Top of Tube 


oa 
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Figure 1. Distribution of fragments generated from 75 mm calibre spiral wound steel mortar tubes 
when maroon shells are exploded in them with various mitigation systems in place. 
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Figure 2. Distribution of fragments generated from 156/160 mm calibre spiral wound steel mortar 
tubes when maroon and effect multibreak shells (EMB) are exploded in them with various mitigation 


systems in place. 


Similar results were found for maroon shells 
fired in 152 mm mortar tubes (Table 4 [at end 
of article] and Figure 2). 


The effect of moisture content on the effec- 
tiveness of sand mitigation systems was un- 
clear.''*! 75 mm tube trials showed an increase 
in the mean number of fragments generated 
when dry sand was used (4.7 fragments com- 
pared to 3.7 fragments for damp sand), while 
the 152 mm tube tests showed the reverse trend 
(11.3 fragments for damp sand compared to 6.7 
fragments for dry sand). Since these data are 
inconclusive, and most sand used in the UK for 
this purpose would be damp, only the results 
from ‘damp sand’ trials have been included in 
this paper. 


Tests with the 70 litre bin, using a maroon 
shell in a 75 mm mortar tube, showed that the 
mean number of fragments was reduced to 3.7, 
but that the plastic bin was totally destroyed. 
Inspection of the internal surfaces of the bin 
showed no witness marks. This indicated that the 
fragments from the mortar tube had not pene- 
trated the 150 mm of sand between the tube and 
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the bin wall, before the bin was destroyed by 
the pressure from the explosion. 


Discussion 


Previous work''*! has shown that when ma- 
roon shells are exploded in unmitigated 75 and 
152 mm calibre mortar tubes, many small frag- 
ments of masses less than 50 g, and a few large 
fragments of masses greater than 400 g, are pro- 
duced. Often the larger fragments originate from 
the baseplate or the main tube remote from the 
igniting shell. Similar tests using effect multi- 
break shells in 160 mm calibre spiral tubes pro- 
duced substantially fewer fragments which were 
distributed approximately equally between these 
two mass groups. 


Any fragment mitigation system must be able 
to cope with two distinct types of fragment: 


1. fast-moving fragments (up to 512 m/s),!*! 
usually with masses less than 100 g, 


2. slower fragments (up to 44 m/s),'*! often with 
masses greater than 400 g. 
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The former will present a hazard to both op- 
erators and spectators, while the latter are only 
likely to be hazardous to operators working 
within the safety zone between the fireworks 
and the spectators. To reduce hazards, a mitiga- 
tion system can either catch the fragments 
formed by the pressure of the bursting charge, 
or it can both modify the fragmentation process 
and catch the fragments formed. Of the systems 
studied, empty barrels and tyres are systems 
that merely catch fragments, while sandbags, 
sand- or earth-filled barrels or, by implication, 
burial in the ground, are systems that modify 
the fragmentation behaviour, since they all re- 
duce the number of fragments considerably 
(Figures | and 2). 


If the fragmentation of an unmitigated tube 
is considered, the tube will expand in diameter 
as the internal pressure rises. When the tensile 
strength of the tube material is exceeded, which 
will occur at many points on the tube surface 
more or less simultaneously, the tube will frag- 
ment. For an unmitigated tube there will be lit- 
tle resistance to this expansion from the pres- 
ence of the air outside the tube, whereas for a 
tube buried in sand there will be resistance to 
tube expansion from the mass of the sand in 
contact with the expanding tube. Thus there 
will be a smaller tensile strain in the tube, and 
fragmentation will start from fewer origins, cre- 
ating a smaller number of fragments. Therefore, 
mitigation systems based on empty barrels or 
tyres will allow the tube to expand freely, and 
so the number of fragments produced with these 
mitigation systems will be similar to those pro- 
duced in the absence of any mitigation system 
(Figures | and 2). Ifa tube is buried to anything 
less than its top, there is the possibility of the 
charge bursting in the unburied part of the mor- 
tar tube, which will produce a large number of 
fragments that will be free to fly unhindered by 
sand or soil. Repeat firings from mortar tubes 
that have been buried in the ground can cause a 
‘pile driving’ effect, which causes the tube to be 
driven further into the ground with each fir- 
ing.'*! In such cases, mitigation of the mortar 
by burying its full length in the ground would 
allow soil to fall into the tube as subsequent 
firings took place. The extent of ‘pile-driving’ 
could be reduced by increasing the area over 
which the recoil force acts (e.g., by placing 
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wooden boards under the base of the mortar 
tube, or by using a wide collar at the tube neck 
which rests on the soil surface). This could be 
designed to be removable for transport pur- 
poses. Where ‘pile-driving’ is thought to be a 
problem, a hybrid mitigation system of partial 
burial and sandbagging of the portion of the 
mortar that protruded above the ground may be 
appropriate providing that the sandbags are 
placed in contact with the mortar tube to act as 
a barrier to tube expansion. The number of 
fragments is then likely to be reduced in a simi- 
lar way to that achieved by full burial (Tables 3 
and 4). 


Mitigation systems should ideally be reus- 
able. Since sandbags and 70 litre bins of sand 
were destroyed in the tests, this suggests that 
such mitigation systems will not be as suitable 
as either burying the full length of the mortar 
tube or using a large barrel. However, sandbags 
do have the advantage that they can be prepared 
before the day of the display and placed easily 
around the mortar tube. Also, Figures | and 2 
indicate that although the sandbags were de- 
stroyed during the tests, no fragments were re- 
trieved from the Blast Cell wall. This indicates 
that they have an effectiveness at reducing frag- 
ment travel comparable to that of sand filled 
barrels. 


Conclusions 


1. Steel mortar tubes should be surrounded by a 
mitigation system that covers the full length 
of the tube. One exception would be when 
spectators and operators firing the display 
are positioned beyond the foreseeable frag- 
ment travel range. 


2. Mitigation systems such as sand-filled barrels 
and sandbags reduce the number of frag- 
ments as well as catching the fragments that 
are produced. These systems are therefore to 
be preferred to systems such as tyres or 
empty barrels, where there is no effect on 
the number of fragments generated. 
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ABSTRACT 


The thermochemical characteristics of pyro- 
lants composed of titanium (Ti) and carbon (C) 
were studied in order to develop high energy 
release materials used for igniters and fire- 
works. Since the Ti and C reaction occurs only 
at temperatures above 1200 K, polytetrafluoro- 
ethylene (PTFE) was mixed with the Ti/C pyro- 
lants as an oxidizer. Various types of experi- 
ments were performed to gain information on 
the role of each ingredient. The results, meas- 
ured by differential thermal analysis and ther- 
mal gravimetry, indicated that PTFE melts at 
about 605 K and reacts exothermically at about 
830K with Ti. The burning rate of the pyrolants 
increases as the mixing ratio of Ti and C ap- 
proaches the stoichiometric ratio, (i.e., the 
burning rate increases as the adiabatic flame 
temperature increases within the range of the 
samples tested). Since the reaction starts from 
the surface of the Ti particles, the burning rate 
increases as the total surface area of the Ti par- 
ticles increases. 


Keywords: pyrolant, titanium, carbon, 
polytetrafluoroethylene, PTFE 


Introduction 


Energetic materials composed of metal par- 
ticles and oxidizing materials, the so-called py- 
rolants, are used for igniters and fireworks. 
Typical pyrolants are made with titanium (Ti), 
zirconium (Zr), magnesium (Mg), or aluminum 
(Al) as fuel components and crystalline oxidiz- 
ers such as potassium perchlorate (KCIO,), po- 
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tassium nitrate (KNO3), or ammonium perchlo- 
rate (NH4C10,). 


Polytetrafluoroethylene (PTFE) consisting 
of —C2F,- is a typical polymeric oxidizer for 
metal fuels. PTFE decomposes thermally and 
produces F,, which acts as an oxidizer. The 
mixture of Mg and PTFE is a typical pyrolant.!'*! 
It is known that Ti reacts with carbon to form 
titanium carbide, TiC, as 


Ti+C— TiC + 184.1 kJ/mol 


accompanied with high heat release.!*! Based 
on a theoretical computation, the adiabatic flame 
temperature is 3460 K for the stoichiometric 
ratio of Ti and C. However, this reaction occurs 
only at temperatures well above 1200 K. Ac- 
cordingly, to initiate the reaction requires that a 
high heat flux be given to the pyrolants. 


Since the reaction between Ti and PTFE oc- 
curs with relatively low ignition energy, the 
addition of PTFE aids the ignition of the mix- 
ture of Ti and C particles. The heat produced by 
the reaction between Ti and PTFE is provided 
to the remaining Ti, which then reacts with C in 
the high temperature region. 


Experimental Methods 


Formulation of Ti/C Pyrolants 


Four types of pyrolant samples were made 
to determine the effect of the mass fraction of 
Ti, €(Ti), on the burning rates of this class of 
pyrolants. The mass fraction of PTFE, €(PTFE), 
mixed within the Ti/C pyrolant samples was 
&(0.091), which included a small amount of 
Viton: CsH3,5F¢,5 (VT). The VT was used as a 
binder for the Ti, C, and PTFE particles. The 
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size of Ti, C, and PTFE particles were 20, 0.5, 
and 5 um in diameter, respectively. Each pyro- 
lant sample was prepared as a pressed pellet. 
The Tiand C particles with PTFE particles were 
placed in a cylindrical-shaped container made of 
steel and pressed with a hydraulically operated 
piston. The piston pressure was about 200 MPa 
in order to make the density of the pyrolant pel- 
lets more than 0.95 theoretical density. The size 
of each pellet was 10 mm in diameter and 10 mm 
in length. The chemical compositions of the 
pyrolant samples tested are listed in Table 1. 


Table 1. Chemical Compositions of the Ti/C 


Pyrolants Tested in this Study. 


Chemical Composition (mass %) 


Thermal Decomposition and Burning Rate 
Measurements 


The thermal decomposition process of the 
Ti/C pyrolants was measured using thermal gra- 
vimetry (TG) and differential thermal analysis 
(DTA). Both experiments were operated with 
various heating rates (0.083 K/s to 0.25 K/s) in 
argon atmosphere at 0.1 MPa. The mass of the 
sample used for each test was approximately 
2.0 mg and was kept in a cell made of non- 
reactive quartz. 


The burning rate of the Ti/C pyrolants was 
measured with a chimney-type burner that was 
pressurized with nitrogen gas. Each pressed pel- 
let was set on a holder in the burner and was 
ignited from the top. The ignition was accom- 
plished by using an electrically heated nichrome 
wire. The regressing surface was recorded with 
a high-speed video camera through a transpar- 
ent quartz window that was mounted on the 
side of the burner. The burning rate was ob- 
tained from the recorded video tape. 
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Results and Discussion 


Figure 1 shows the result of the TG and 
DTA experiments (heating rate of 0.25 K/s) of 
the Ti/C pyrolant €(0.8) sample done in an argon 
atmosphere. An exothermic reaction initiated at 
805 K and terminated at 850 K. The peak exo- 
thermic temperature was observed at 837 K. The 
mass loss started at the same temperature as the 
onset of the exothermic reaction (805 K). The 
mass loss terminated at about 10% at 850K 
when the observed exothermic reaction termi- 
nated. No thermal changes or mass loss changes 
were observed above 850 K within the range of 
the temperature tested. The results indicate that 
the observed mass loss is due to the thermal 
decomposition of PTFE as 


PTFE (—C2F4-) = GC; + Fy 


This thermal decomposition probably includes 
some oxidation reaction of F, and Ti, which is 
considered by the observed exothermic reac- 
a 

tion. 


Argon Flow 


TG 


NOAWOMDARNO 
Mass Loss (%) 


—_ 


500 600 700 800 900 1000 
Temperature (kK) 


Figure 1. Thermal decomposition of Ti/C 
pyrolant €(0.8) with PTFE in an argon 
atmosphere (heating rate of 0.25 K/s). 


Figure 2 shows an Arrhenius plot, the rela- 
tionship between the reciprocal temperature of 
the exothermic peak temperature versus heating 
rate, of the DTA experiments. The results indi- 
cate that the peak temperature increased linearly 
as the heating rate increased in the log (recipro- 
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cal temperature) versus log (heating rate) plot. 
The activation energy of the observed exother- 
mic reaction and the mass loss reaction was 
determined to be 210 kJ/mol for all samples 
tested, €(0.2) to €(0.8), in this study. 


oof 
wow BRM 
Sree 


Heating Rate (K/s) 
=) 
Ss 


Argon Flow 
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Figure 2. Arrhenius plot of DTA exothermic 
peak temperature. 


The burning rate increased linearly in the 
log (pressure) versus log (burning rate) plots for 
the pyrolants of both €(0.6) and €(0.8) as shown 
in Figure 3. The pressure exponent of burning 
rate n defined in r = a-p" was determined to be 
relatively independent of €(Ti), n = 0.45 for 
&(0.6) and n = 0.40 for €(0.8). Though the burn- 
ing rate increased as €(Ti) increased at pressure 
of 0.1 MPa, the burning rate of the pyrolant 
&(0.4) was very low, and no self-sustaining com- 
bustion occurred when the pyrolant €(0.2) was 
ignited. The self-sustaining combustion limit 
was determined to be about €(~0.3) at pressures 
below 1.0 MPa. 


The burning rate was also dependent on the 
particle size of Ti mixed within the pyrolants. 
As shown in Figure 4, the burning rate of the 
pyrolant composed of Ti particles of 20 um in 
diameter was higher than that for particles of 
50 um in diameter at 0.1 MPa in the €(Ti) range 
tested. This increased burning-rate effect ap- 
peared as &(Ti) increases. It is evident that the 
reaction of Ti occurs at the surface of each Ti 
particle. Thus, the reaction of Ti and C is con- 
sidered to be dependent on the total surface area 
of Ti particles, €(Ti), mixed within the pyrolant. 
Figure 5 shows the results of the relationship 
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Figure 3. Burning rate characteristics of Ti/C 
pyrolants as a function of pressure and &(Ti). 


between the burning rate and C(Ti) at 0.1 MPa. 
The burning rate increased as C(Ti) increased 
when the same sized Ti particles were used. In 
addition, the burning rate appeared to be high 
when large sized Ti particles were used at the 
same C(Ti). 
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Figure 4. Burning rate characteristics of Ti/C 
pyrolants as a function of €(Ti) and the particle 
size of Ti. 


The combustion process of the pyrolants was 
observed by using a high-speed video camera. 
Though whitish-yellow flames were seen on and 
above the burning pellet €(0.8), the light emis- 
sion from the combustion product decreased as 
C(Ti) decreased. Porous, agglomerated materi- 
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als were formed continuously above the burn- 
ing pellets. TiC was found in the materials us- 
ing an X-ray micro-analyzer. However, a quan- 
titative analysis has not been done yet. 


Burning Rate (mm/s) 


10 20 30 40 50 60 
Total Surface Area (m2/kg) 


Figure 5. Burning rate characteristics of Ti/C 
pyrolants as a function of ¢(Ti) and the particle 
size of Ti. 


Conclusions 


Stable and continuous burning of the pyro- 
lants composed of Ti and C was obtained by the 
addition of a small amount of PTFE. The ther- 
mal analysis using TG and DTA indicated that 
the reaction between Ti and C with PTFE 
started an exothermic reaction at 805 K in an 
argon atmosphere. This is considered to occur 
due to the decomposition reaction of PTFE. 


The burning rate measurements and the ob- 
servation of the combustion process indicate that 
the burning rate of Ti/C pyrolants increases line- 
arly in log (pressure) versus log (burning rate) 
for the mass fractions of Ti, €(0.8) to €(0.6) 


tested in this study. The pressure exponent of 
the burning rate was determined to be from 0.40 
to 0.45 in the pressure range from 0.1 MPa to 
1.0 MPa. The burning rate is dependent on the 
total surface area of the Ti particles mixed 
within the pyrolants. Though the detailed com- 
bustion mechanism of Ti/C pyrolants has not 
been identified, the results indicate that the ad- 
dition of PTFE plays a significant role in the 
observed stable burning of Ti/C pyrolants. 


References 


1) N. Kubota and C. Serizawa, “Combustion 
of Magnesium/Polytetrafluoroethylene”, 
J. Propulsion and Power, Vol. 3, No. 4, 
1987, pp 303-307. 


2) T. Kuwahara, S. Matsuo, and N. Shino- 
zaki, “Combustion and Sensitivity Charac- 
teristics of Mg/TF Pyrolants”, Propellants, 
Explosives, Pyrotechnics, Vol. 22, 1997, 
pp 198-202. 


3) N. Kubota and C. Serizawa, “Combustion 
Process of Mg/TF Pyrotechnics”, Propel- 
lants, Explosives, Pyrotechnics, Vol. 12, 
1987, pp 145-148. 


4) T. Kuwahara and T. Ochiai, “Burning Rate 
of Mg/TF Pyrolants”, Proceedings of the 
18" International Pyrotechnics Seminar, 
1992, pp 539-549. 


5) T. Kuwahara and M. Takizuka, “Combus- 
tion and Sensitivity Characteristics of 
Metal/TF Pyrolants (Mg/Ti/Z1r/TF Pyro- 
lants)”, Kayaku Gakkaishi, Vol. 59, No. 1, 
1998, pp 18-24. 


6) M. Takizuka, T. Onda, T. Kuwahara, and 
N. Kubota, “Thermal Decomposition 
Characteristics of Ti/C/TF Pyrolants”, 
AIAA Paper 98-3826, 1998. 


Page 48 


Journal of Pyrotechnics, Issue 10, Winter 1999 


Effect of Differing Charcoal Types 
Upon Handmade Lift Powder 


Charles Wilson 
223 Hillside Road, Evergreen, CO 80439, USA 


ABSTRACT 


Experimental production of charcoal via the 
retort method is discussed. Charcoals were 
made from various substances; of special inter- 
est were woods belonging to the Salicaceae 
(willow) family. Lift powders were made using 
these charcoals and their performance com- 
pared using a device for testing powders under 
conditions similar to those used for propelling 
fireworks aerial shells. The author found that 
handmade powders often outperformed com- 
mercially available powders in this application. 


Keywords: Black Powder, charcoal type, 
performance testing 


Introduction 


Charcoal is the largest single variable in the 
performance of Black Powder. The author un- 
dertook the testing of different charcoals as a 
result of “pyrogolf”"”! testing that was done dur- 
ing the Pyrotechnics Guild International (PGI) 
convention in Stephens Point, Wisconsin during 
1995. Very similar research and testing has been 
done by others, particularly by Roger O’Neill!”! 
and Stan Williams.) 


Charcoal Production Method 


The retort method for destructive distillation 
was used to produce the various charcoals tested. 
The retort was fabricated from a medium sized 
steel pet food can, which can survive several 
distillations at red heat. Tabs were cut at three 
equidistant locations on its end and folded 
down to secure the end cover. 
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The can was prepared for distillation by 
packing it tightly with carbonaceous material. 
This minimized the volume of oxygen initially 
in the retort without impeding outflow of gas- 
ses. When wood was used to produce charcoal, 
the bark was first removed. It was then sawed 
to a length about one inch less than the height 
of the retort and made into 4-inch thick sticks. 


A large outdoor charcoal barbecue with a 
separate smoke compartment was used as a 
readily available heat source. 


A moderately large fire was constructed using 
commercial charcoal briquettes, about | gallon 
by volume. Once they were completely red hot, 
the can was placed ina circle of briquettes, which 
were then piled up against the sides of the can. 
An extra briquette placed on top of the can also 
helped to distribute heat more evenly. The can 
was placed with its vented end down; its cover 
secured with the tabs. After a few minutes, the 
exhaust from the vent would ignite. This extra 
heat raised the retort temperature and completed 
the carbonization of the contents without oxygen. 


Any leaks in the side of the can ruined the 
experiment because oxygen inside the can ei- 
ther consumed the contents, leaving little char- 
coal, or decreased the yield while increasing ash 
content of the charcoal. 


If the retort was kept at red heat, the con- 
tents were turned into a high quality charcoal in 
about 35 minutes. When gasses from the retort 
stopped flaming, the can was removed from the 
heat by lifting it straight up and placing it on 
bricks with the vented end again facing down. 


The resulting charcoal sticks were cool 
within an hour. At that point, the can was opened. 
Exposure to air can be unfortunate if the char- 
coal is pyrophoric enough to re-ignite at this 
point. The author has seen this happen on one 
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TC1— Thermocouple placed on metal surface of the can 


TC2— Thermocouple placed just inside can 


TC3— Thermocouple placed between center and edge of can 


TC4— Thermocouple placed inside a stick of wood in the center of the can 


Figure 1. Temperature profiles from retort during distillation. 


occasion. For this reason, a small batch is safer 
than a large one. 


Figure 1 shows the temperatures during a test 
run as measured by thermocouples placed in four 
locations. Peak temperature in center of can was 
540 °C, and peak temperature in the wood sam- 
ple tested was 513 °C. No sign of any exotherm 
was observed in these data, although many com- 
mercial charcoal producers see one beginning at 
about 275 °C.'"! There is considerable evidence 
that temperature of pyrolysis affects the reactiv- 
ity of the charcoal. In the author’s experience, 
the appearance of the finished charcoal sticks is 
a good indication of the reactivity and perform- 
ance of a given charcoal in lift powder. Good 
charcoal should have a smooth surface with 
few, if any, cracks or fissures. 


This method relied upon the small size of 
both the retort and the carbonaceous material 
being pyrolized to control temperature. Batch to 
batch differences were obtained when the retort 
was not fully loaded. In addition, the cross sec- 
tional area and thermal insulating properties of 
a given material affected the quality of the 
charcoal. This was clearly seen in test results. 
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Starting Materials 


Many species of wood were tested. Table 1 
lists the common names and classification of 
trees considered for wood samples. In addition 
to various woods, Kentucky bluegrass clippings, 
cotton balls and cotton fabric were also used to 
make charcoal. The materials used to produce 
commercial charcoals are unknown. 


Aspen grows abundantly in the Rocky 
Mountain region and is usually readily avail- 
able as firewood. Maple used was the variety 
known as Silver Maple, widely grown as a 
shade tree in many parts of the US. Some spe- 
cies of trees used in this test grow in similar 
locations at elevations of up to 7500 feet. Nar- 
row Leaf Cottonwood, Rocky Mountain Willow, 
and Thinleaf Alder can often be found growing 
within a few feet of each other. 


Narrow Leaf Cottonwood (NLC) and Aspen 
are both members of the Willow family, in the 
Poplar group. In particular, NLC bears a strong 
resemblance to Black Willow, which explains 
the initial interest in its use. Other Poplar spe- 
cies may also be interesting but have not yet 
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Table 1. Classification of Trees Considered for Wood Samples. 


_Ailanthus (Tree of Heaven) | Ailanthus (Quassia) 
“Alder, Thinleaf ae 

| Apple (Oregon Crabapple) _ 
A 


‘Buckthorn, Carolina ae 


“Cottonwood, Narrow Leaf 


ESEIVICSDON Ys gecetsa nell ROSEN aces coll 


|Teak LT 
| Willow, | Black _ rena aerate | 
Willow, Rocky Mountain 


been tried. Willow has historically been cred- 
ited with producing the highest performance 
charcoal for Black Powder. Unfortunately, none 
of the current literature distinguishes among the 
various species of Willow that have been found 
effective. Two different species of Willow were 
tested for this article. 


For comparison purposes, test data includes 
a powder made from charcoal supplied by Guy 
Lichtenwalter. This charcoal was made from an 
unidentified species of Willow (although thought 
to be Black Willow) from the Sierra foothills of 
California. This charcoal was produced using a 
larger retort method, which has been described 
elsewhere.'*! A sample of Black Willow-based 
powder made by Jack Fielder was also tested. A 
sample of Aspen based powder and a second 
made from Skylighter!”! “air float charcoal” was 
contributed by Steve Hubing. 


It has been suggested that Maple'*! is the 
source of charcoal currently used by Goex'”! to 
make their Black Powder. Unfortunately, the 
species of Maple is unknown. One would sus- 
pect that wide variation in performance could 
be obtained between hard (i.e., Sugar and Black 
Maple) and softer species such as Silver Maple. 
This author and others have concluded that softer 
woods should produce the fastest charcoal for 
Black Powder lift.!"°! 
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OMMOWS sohiuccoat cece 
Willow 


| Allanthus altissima mmm 
| Alnus rubra __ 
: “Malus fusca 


vf Buckthorn Rh 
(Cherry (CHOKeCH MY) afl SOSE nnn 
Wi | r Ow. sae eaeesaeeseeeseeseeeseesseeseeesecssecssensenessfenen: 


Pr r unus. vig rgini = 
Populus angustifolia J James _ nace! 


Amelanchier Medic. Sp... 
nF ECEOMA GLANDS nnn 
alix nigra side cad ta 
Salix monticola Bebb 


Of particular interest was the Alder Buck- 
thorn charcoal, much praised in nineteenth cen- 
tury Britain for its high gas and lower solids 
output. The British refer to this tree as a Dog- 
wood.'''! The author is indebted to Paul Judd 
for a sample of wood from the native American 
species of Rhamnus, Carolina Buckthorn, which 
was found growing in Oklahoma. He also con- 
tributed a sample of powder made from Caro- 
lina Buckthorn. 


The French are known to have used Alder 
(Alnus Glutinosa) charcoal in Black Powder. 
Two varieties of Alder found in the US were 
used for this paper. 


An interesting aspect of the various char- 
coals is the appearance of the powdered forms. 
Silver Maple turns into a very black substance, 
which in turn produces a very dark Black Pow- 
der. The cotton balls used in these trials were 
obtained at the grocery store. Yield from these 
was extremely low, and produced a whitish- 
gray charcoal. Cotton fabric was obtained from 
discarded T-shirts. 


Don Kark provided Teak wood samples. The 
author is indebted to Rich Weaver for providing 
a sample of Ailanthus wood and for acting as a 
sounding board. Ailanthus was targeted as a 
likely candidate for lift quality charcoal because 
of the characteristics of fast growth and rela- 
tively low density. It is believed that Ailanthus 
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may never have been tried as a charcoal source 
for Black Powder in the US, since it has only 
recently been introduced here as an ornamental. 
It may be a good source of charcoal as the tree 
is now considered a weed. 


Production of Lift Powder 


Over the years, much debate has centered on 
the methods used to make high quality Black 
Powder. Lichtenwalter has consistently demon- 
strated that simple ball milling procedures can 
produce good powders, and the author used a 
similar approach for this work. 


The author feels that the so-called CIA 
method is simply more trouble than it is worth. 
For those not familiar with this method, a good 
description may be found in McDowell’s 
work, |"?! 


Better ball mill designs!'*! and implementa- 
tions than those used by the author will expe- 
dite powder manufacture. 


To be made into lift powder, the charcoal 
sticks are first placed in a heavy-duty polyeth- 
ylene bag. The bag is rapped with a light mallet 
until the sticks have been reduced to smaller 
chunks and dust. These were placed in a hobby- 
ist rock tumbler along with a handful of 0.54- 
inch lead rifle balls. The tumbler jar used for 
these tests had a volume of less than one liter. 


The tumbler was operated out of doors, well 
away from any structures. Twelve hours of mill- 
ing may have been more than was necessary; 
however, it meshed with other daily activities. 
After twelve hours, the mill contents were sepa- 
rated with a sieve and the charcoal powder “air 
float” was put in a suitable container. 


The next step was to produce an intermediate 
charcoal plus sulfur fuel powder using a weight 
ratio of three to two. A 160 gram batch thus 
contained 96 grams of charcoal and 64 grams of 
sulfur. The mill jar and media were cleaned be- 
fore starting this phase. The charcoal and sulfur 
were also milled for twelve hours. 
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The last milling step combined the mixed 
fuel powder with granular potassium nitrate 
oxidizer. A weight ratio of one to three will 
produce a resulting powder with the Waltham 
Abbey 15/3/2 (75/15/10) proportions. The mill 
jar and media were again cleaned before this 
step. The mill was operated outdoors for twelve 
hours, preferably during a snowstorm, under 
heavy walled HDPE buckets stacked together. 


Much of the debate over Black Powder 
manufacture centers on the next step. It is well 
documented that lift powder grain size (and 
density?) will determine its suitability for a par- 
ticular size and weight of shell. The power of 
the lift is affected by the method used to pro- 
duce the grains of powder. This experimenter 
has found that reasonably durable powders pro- 
duced with a simple hand operated arbor press 
and a high quality comet pump offer the best 
combination of durability and performance. 


The milled powder was combined with a 
small amount of distilled water in a steel bowl 
in the same manner as a pyrotechnic star com- 
position would be prepared to make pumped 
stars. When the dampened powder had just 
reached the stage of clumping together, it was 
pumped into pellets with a one-inch star pump 
under an arbor press. The pellets were allowed 
to dry for a week before they were “corned”. 


For testing purposes, two of the powders 
were grained by dampening the mill dust and 
forcing it through a sieve. The dried rough 
powder was then sieved through a 12-mesh 
screen; the portion remaining on a 20-mesh 
screen was used. These powders were made 
from Aspen and Maple charcoal and are de- 
noted by the letter “S” in Table 2. 


The pressed powders were grained by ham- 
mering the dry powder pellets between heavy 
polyethylene sheets. The “corned” powder that 
passed a 4.5-mesh sieve and remained on a 12- 
mesh screen was tested as 2FA powder, and the 
passing powder that remained on a 20-mesh 
screen was tested as 4FA powder. Other mesh 
sizes were not used. 
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Table 2. Powder Tests (5 gram Samples). 


Ave. Velocity Ave. Peak Pres. Bulk Density 
Charcoal Type psi g/cc 


Goex 4F 


* Based on less than three successful tests. 
All tests used 5.0 grams of powder and were run at approximately 80 °F. 


The apparatus was cleaned after every set of 10 tests, and the order of powder types was varied. 
Everything is reported to 2 significant figures. 
Bulk densities were determined by settling in a tube 1.0 cm in diameter. Thus there was an edge effect 
making large grains appear less dense. 
2) Red Alder was run in both the first and second series of tests. Carolina Buckthorn was produced in two 
different batches from two charcoal runs, and tested in the first and third series of tests. Note the close 
agreement in the findings. 
S and H versions of powder refer to Soft and Hard grain. 


Note: Moisture determinations were run on all powder samples in the second series of tests (4 hr. at 75 
°C). In no case was there more than a 0.4% weight loss. 
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Table 3. Results of Powder Tests (3.5 gram Samples). 


Charcoal Type 


'Thinleaf Alder — 
Ailanthus 


Black Willow (Fielder) 


Ave. Velocity 
(ft/s) (psi) 


Ave. Peak Pressure 


Note that the best powders in Table 3 outperform those in Table 2. If the Aspen performance is used as a base- 
line, the values for speed in Table 3 should be multiplied by 1.6 to obtain the expected speed if 5 grams had 


been used. 


Results 


Powder performance was determined using a 
test apparatus designed to simulate the ap- 
proximate conditions in the firing of aerial 
shells.!'*! Results are shown in Tables 2 and 3. 
The interpretation is rather straightforward, and 
only a few comments are needed. The best per- 
formance was obtained first from the Willow 
charcoal obtained from Guy Lichtenwalter and 
the Black Willow based powder from Jack 
Fielder. The author’s NLC based powder was a 
significant performer as well. Note that Goex 
brand Black Powder gives results that are lower 
than most of the handmade samples. The Fielder 
Buckthorn-based powder and the author’s Ai- 
lanthus-based powder also performed respecta- 
bly. 


Future Research 


The production of the best charcoal from 
Carolina Buckthorn and Alder Buckthorn is still 
being studied. It is possible that these Buckthorn 
varieties require more careful drying before 
pyrolysis than other types of wood. The high 
performance of Ailanthus also merits more re- 
search to elucidate the relationship between the 
physical and chemical properties of the wood 
with the charcoal produced from it. 


There have been numerous pyrogolf compe- 
titions over the past few years, and it is quite 
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likely that the best charcoal from any one wood 
species has yet to be made. One PGI pyrogolf 
participant very nearly won the first event with 
a Maple based lift powder. Another participant 
made a very good powder from Red Cedar. 


The author plans to obtain scanning electron 
micrographs of several of the charcoals dis- 
cussed here. A heuristic method of determining 
the degree of graphite structure in the charcoal 
will then be applied. In a related study, the 
volatile components of a particular charcoal 
could potentially be removed with solvents. 
Then the charcoal would be compared to itself, 
with and without these volatile components. 
Oglesby''®! indicates that powder made from so- 
called “stripped” charcoal is just as fast as or 
faster than the original. 


The effects of the various pressing methods 
also need to be studied. It is clear that, in gen- 
eral, the lower the density of the grains, the 
faster the powder. 


Another aspect of a given charcoal is the 
percentage used to produce the powder. All of 
the experimental lift powders discussed in this 
work and by O’Neill!'”! use the 15/3/2 Waltham 
Abbey proportions, but a given charcoal may 
produce better results in a 6/1/1, 25/5/4 or even 
5/1/1 mixture. This has not been studied. 


Finally, a significant aspect of commercial 
Black Powder should be examined. Namely, 
Goex brand powder burns significantly cleaner 
than the handmade lift powders discussed here. 
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For most pyrotechnic applications this is of no 
great importance, but for lift powders it could 
mean more successive firings from a given mor- 
tar without the need for cleaning. The meas- 
urement of a relatively clean burning property 
with respect to ball mill type, chemical purity 
and other physical factors should be examined. 
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Errata 


Issue 9, Summer 1999 — corrected words are listed in bold type to help the reader locate them. 


Page 60, column 2, last paragraph contains 3 errors. The paragraph should read: 


“The melting points of yttrium, erbium, thulium and lutetium are similar to that of titanium.” 


“If the monoxide emission colors were sufficiently intense to be visible above white light from hot 
oxide particles, yttrium would be expected to produce red sparks, and the other three metals, green.” 
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Peak In-Mortar Aerial Shell 
Accelerations 


K. L. and B. J. Kosanke 


PyroLabs, Inc., 1775 Blair Road, 
Whitewater, CO 81527, USA 


ABSTRACT 


Internal mortar pressures were measured for 
a range of somewhat typical fireworks aerial 
shell firing conditions. These data were used to 
determine the peak shell accelerations produced 
during firing. Under the conditions investigated, 
peak aerial shell acceleration ranged from ap- 
proximately 4 to 16 km/s’ (400 to 1600 times 
the acceleration due to gravity) and appeared 
to be mostly independent of nominal shell size. 


As a check on the acceleration results, the 
same mortar pressure data were used to calcu- 
late aerial shell muzzle velocities. These were 
found to be in close agreement with measured 
velocities. 


Keywords: fireworks, aerial shell, acceleration, 
muzzle velocity, mortar pressure, pressure 
impulse 


Introduction 


For safety reasons, a fireworks display op- 
erator needs to know that aerial shells leave the 
mortar at high speed. Further, it is important to 
know approximately how far the aerial shells can 
travel. However, it is not important for the op- 
erator to know the rate of acceleration of aerial 
shells within mortars as they are fired. Similarly, 
except to know that the acceleration is great and 
the resulting inertial forces on the shells are 
large, the shell manufacturer does not need de- 
tailed knowledge of the magnitude of aerial shell 
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acceleration. Nonetheless, it is sometimes a topic 
of discussion, and knowledge of these accelera- 
tions would satisfy the curiosity of a number of 
individuals. This short article is intended to help 
satisfy that curiosity. 


Several years ago data was collected, albeit 
for another purpose, that can be used to calcu- 
late the acceleration of aerial shells while being 
fired from mortars. These data are internal mortar 
pressures as a function of time for various shell 
parameters (e.g., size and shape, lift type and 
mass, and shell mass). At the same time, the 
muzzle velocity of the shells was measured and 
can be used as a check on the calculated shell 
accelerations. Some examples of the basic data 
and the results produced are presented in this 
article. 


Background 


If the forces acting on a body are known, it 
is a simple matter to calculate the acceleration 
produced. Pressure has the units of force per 
area; for example, newtons per square meter 
(also termed pascals and abbreviated Pa). Ac- 
cordingly, the force (F) acting on an aerial shell 
with a known cross-sectional area (A) perpen- 
dicular to the pressure gradient, when experi- 
encing a pressure difference (P) between one 
side and the other, is!!! 


FSP-A (1) 


Then simply by rearranging Newton’s second 
law of motion, and knowing the mass (m) of the 
aerial shell, the acceleration (a) it experiences 
can be calculated as 


a=Fi/m 
a=P-A/m (3) 


or by substitution (2) 


Figure | is an example of the pressure meas- 
ured inside a mortar as a shell is being fired. 
Because the pressure is not constant during the 
firing, neither is the acceleration of the shell. 
Nonetheless, equation 3 accurately predicts the 
acceleration at every instant, providing the mor- 
tar pressure at the same instant is used. Thus, 
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the shell’s acceleration reaches a maximum 
when the mortar pressure peaks, and this peak 
acceleration can be calculated using equation 3. 


Electric 
Match Shell 
Ignition Exit 


Mortar Pressure 


Time 


Figure 1. Typical internal mortar pressure 
during the firing of an aerial shell. 


In the same tests where mortar pressures 
were measured, aerial shell muzzle velocities 
were also measured. This provided an opportu- 
nity to indirectly confirm the accuracy of the 
peak acceleration determinations by using the 
mortar pressure data also to predict the meas- 
ured muzzle velocities. 


In general, for any body, its change in veloc- 


ity (v) in response to a time dependent accelera- 
tion can be represented by 


Vp-Vj= ihe a(t) dt (4) 


where the subscripts 7 and f are for initial and 
final values. For an aerial shell initially at rest 
(stationary), substituting for acceleration using 
equation 3, and integrating over the time of ex- 
posure to the pressure in the mortar equation 4 
becomes 


v= Ajm{" P(t) dt (5) 


where vy is now muzzle velocity (v,,) and fy is 
now the time of exiting (¢,), see Figure 1. 


The integral in equation 5 is usually referred 
to as pressure impulse (J/,). In these tests, values 
for the pressure impulse were determined and 
used to calculate the aerial shell muzzle veloci- 
ties from equation 6. 


v,, = A/m-T, (6) 


Experimental 


For uniformity, all of the test shells for this 
project were assembled using molded plastic 
shell casings. Nominal shell size ranged from 3 
to 8 inches. Most shells were spherical in shape, 
but some 3- and 4-inch shells were cylindrical. 


Table 1. General Test Shell and Mortar Information. 


Nominal Mortar 
Shell Size Gar 
(inches) 


Shell Shell 
eee Mass 


(g) 


5 pp 076 sper t18 620] 
| 6154 | 0.76 | Spher | 144 | 1140 
pT S| 0.91 | Spher | 193 | 2700 _ 


To convert millimeters to inches, divide by 25.4. 


To convert meters to inches, multiply by 39.4. 


To convert grams to pounds, divide by 454. 
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Table 2. Test Shell Firing Results. 


Nominal Lift Peak 
Shell Size Shell ae Pressure 
(inches) Shape (kPa) 


Pressure 
Impulse 
(kPa-s) 


Calculated Peak 
Velocity Acceleration 
(km/s*) 


Measured 
Velocity 


5 [Spher[g0 [108 | 00 | 408 
| 6 | Spher. | 85 | 680 | 74 | 110 | 110 | 10 | 
| 8 | Spher | 155 | 830_ (| 112 =| 120 | 12 #2| 9  ‘*'| 


To convert grams to ounces, divide by 28.3. 


To convert kilopascals to pounds per square inch, divide by 6.89. 


To convert meters per second to feet per second, multiply by 3.28. 


In an attempt to have the spherical shells per- 
form in a similar manner to typical oriental 
shells, the lift powder used was a fairly homo- 
geneous blend of powder harvested from a col- 
lection of shells manufactured in China. The lift 
powder for the cylindrical shells was 2F fire- 
works Black Powder manufactured by Goex.!*! 
The air temperature at the time of firing ranged 
from 21 to 27 °C (70 to 80 °F). The tests were 
conducted at about 1400 m (4600 ft) above sea 
level, resulting in air pressure of approximately 
850 mbar. Additional mortar and shell test in- 
formation is provided in Table 1. 


All mortars were steel with piezoelectric 
pressure gauges installed in the mortar plug. In 
this way the internal mortar pressures were 
measured as the shells were fired.! The mor- 
tars were also fitted with a series of trip wire 
sensors to detect the passage of the shell after 
exiting the mortar. Signals from the trip wires 
controlled a series of time counters to produce 
the data used to calculate velocities of the shells 
as they exited the mortar."“! 


The test results are reported in Table 2. In 
each case, the peak mortar pressure reported 
was the highest value from the digital pressure 
data. Pressure impulse is the sum of the pressure 
data, starting from the first sign of pressure rise 
(¢;) and ending at the point of shell exit (¢,) (such 
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as identified in Figure 1). The measured veloc- 
ity of the exiting shell was determined by noting 
the time taken for the shell to travel a known 
distance after exiting the mortar. The calculated 
shell velocity was determined by substituting the 
measured pressure impulse and the known cross- 
sectional area and mass for the aerial shell into 
equation 6. The peak shell acceleration was de- 
termined from equation 3, using the measured 
peak mortar pressure. 


To be consistent with the general reliability 
of the data, in Table 2 peak pressures were re- 
ported to the nearest 10 kPa, pressure impulses 
were reported to the nearest 0.1 kPa-s, meas- 
ured and calculated muzzle velocities were re- 
ported to the nearest 5 m/s, and peak accelera- 
tions were reported to the nearest 1 km/s’. 


Discussion 


The aerial shells had been assembled such 
that their mass, the type and amount of lift pow- 
der, and the mortar specifications were fairly 
representative of typical aerial shells. However, 
caution is warranted in applying the results of 
these tests in situations where any of the condi- 
tions are different. 
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An examination of the results for the series 
of 4-inch cylindrical shells provides an indica- 
tion of the general reliability of these data. Note 
that while the peak pressures (and peak accel- 
erations) for these firings varied considerably, 
the pressure impulses (and thus muzzle veloci- 
ties) were in relatively close agreement. The 
authors have seen this same type of large vari- 
ability in peak mortar pressure, yet reasonably 
consistent overall performance, in numerous 
other confined-combustion measurements. The 
reason for this effect is not clear but is suspected 
to be the result of small dynamic differences in 
the ignition and initial flame spread within the 
pyrotechnic charge (an interesting subject, but 
beyond the scope of this article.) 


There was relatively close agreement be- 
tween measured and calculated shell muzzle 
velocities, not only for the 4-inch cylindrical 
shells, but all others as well. Further, the muz- 
zle velocities were reasonably close to 100 m/s 
(330 ft/s), regardless of shell size. This is con- 
sistent with the results reported by Shimizu,!"! 
Contestabile,'°"! and in unpublished results of 
the authors. Thus there is a reasonably high de- 
gree of confidence in the reported results. 


The maximum shell accelerations typically 
ranged from 8 to 12 km/s* and appear to be 
mostly independent of nominal shell size. In part, 
the 4 km/s’ value reported in Table 2 was a re- 
sult of using a smaller than normal amount of 
shell lift powder. However, it may also be a 
reflection of the widely varying peak pressures 
thought to result from the differences in igni- 
tion and flame spread mentioned above. Simi- 
larly, the 14 and 16 km/s’ values may again be 
the result of these same differences. 


These peak acceleration results can be put 
into perspective, recalling that the acceleration 
due to gravity is 9.8 m/s. Accordingly, at their 
maximum acceleration, these somewhat typical 
aerial shells were experiencing approximately 
400 to 1600 times the acceleration due to gravity. 
Obviously, this produces powerful forces on the 
contents of the shell (so-called set-back forces) 
and indirectly on the shell’s casing as well. For 
example, in the relatively new “Lampare” style 
aerial salutes (maroons), there is generally a 
container of liquid fuel, combined in some fash- 
ion with a charge of flash powder. Consider a 
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liquid fuel with a density of 0.85 g/cc that is 
placed in a container with a height of 150 mm 
(about 6 inches). If that shell is propelled such 
that it receives the peak acceleration seen in the 
tests reported above, the liquid pressure at the 
bottom of the container would range from 0.5 to 
2.0 MPa (70 to 290 psi). Thus it clear why 
some fuel containers fail catastrophically during 
shell firing and why the fuel containers typi- 
cally are strongly encased. 
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* KK OK 


Comment on: 


“Review of ‘Pollution Caused by 
Fireworks’ by D. Gnauth White” by 
Monona Rossol, Issue 7, p 74. 


In reference to the letter published in Is- 
sue 7, “Another Fog Study” by Monona Rossol, 
the data Ms. Rossol presented does not support 
her conclusion. The data indicates that some- 
thing is happening during the performance to 
reduce the musicians’ lung function, but the data 
does not show that “clearly special effects are 
harming the musicians”. The summary of Dr. 
Moline’s report does not say what is doing this, 
it only notes the effect. The special effects could 
be doing this, or it could be something else. 


I would also like to take this opportunity to 
inform Journal readers of the existence of the 
ESTA Technical Standards Program (TSP). 
ESTA is the Entertainment Services and Tech- 
nology Association, and the TSP is an ANSI 
accredited program consisting of the Technical 
Standards Committee and various Working 
Groups. A Fog and Smoke Working Group is 
currently drafting a standard for theatrical fog. 


The TSP Fog and Smoke Working Group in- 
cludes manufacturers, dealers, and users of fog 
and smoke effects. Anybody with an interest in 
fog and smoke is eligible to join the group; you 
do not have to be a member of ESTA. 


For more information about ESTA’s Techni- 
cal Standards Program, go to their web site at 
‘http://www.esta.org/’, or contact the Technical 
Standards Manager at ESTA, 875 Fifth Ave., 
Suite 2302, New York, NY 10001, phone 212- 
244-1505, fax 212-244-1502, 
e-mail: standards@esta.org. 
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Nathan Kahn 

Theatre Effects 

642 Frederick St. 

Hagerstown, MD 21740 USA 
phone: 301-791-7646 

fax: 301-791-7719 

e-mail: nathan@theatrefx.com 


[Ed. Due to an e-mail problem, this letter— 
originally written on July 13, 1998—was only 
recently received by the Journal of Pyrotech- 
nics. | 


Reply from Monona Rossol: 


Itis unrealistic of Mr. Kahn to assert that the 
“special effects could be doing this, or it could 
be something else.” There is no other rational 
explanation of the reduction of lung function 
seen in all the musicians plus documentation that 
seven people developed asthma requiring daily 
medication in an orchestra of 25 people in only 
three years of exposure. These kinds of prob- 
lems have only been reported in shows that use 
special effects. And having spoken with many of 
these musicians, they assure me that the symp- 
toms clearly start when the smoke enters the pit. 


It is also important for readers to know more 
about ESTA than Mr. Kahn tells you. The vot- 
ing members of ESTA are primarily special 
effects manufacturers and distributors and their 
paid consultants. 


Unlike the other standard setting organiza- 
tions to which I belong, ESTA requires voting 
members to attend meetings. The ESTA meet- 
ings are held all over the country and members 
must be able to afford to fly to meetings, stay in 
hotels and take two or three days off work sev- 
eral times a year. This policy effectively elimi- 
nates participation from members who do not 
have a large financial interest in continuing to 
make, sell, and or use special effects. 


I am a voting member of many committees 
of the American Society of Testing and Materi- 
als, and two committees of the National Fire 
Protection Association. Attendance at meetings 
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of ASTM and NFPA is not required and mem- 


bers can keep up by reading the minutes and Review of 
voting on proposals by mail. In fact, ASTM often Fireworks Princ ip les 
pays the airfare for non-industry members in 
order to assure a balance of interests at committee and Practice 
meetings. 

Whenever industry representatives refer to Ronald Lancaster 
“standards”, we should ask who sets those stan- 3" ed., Chemical Publishing, New York, 1998 
dards. ISBN 0-8206-0354-6 


Monona Rossol 


* * as Barry Sturman 


6 Corowa Court, Mount Waverley 
Victoria 3149 Australia 


It is unlikely that many readers of these 
pages have not yet bought a copy of the third 
edition of the Reverend Ronald Lancaster’s 
Fireworks Principles and Practice (Chemical 
Publishing, New York, 1998). Those who have 
ignored this edition, because they already own 
first or second editions, should think again. If 
you enjoyed the previous editions, you will find 
still more to enjoy in this latest one. 


Comparison of the Tables of Contents of the Three Editions. 


First edition (1972) Second edition (1992) Third edition (1998) 


Firework Displays” 


Gunpowder 
Firework Materials 


Containers 
Stars 
Coloured Fires, Bengals, Coloured Fires, Bengals, Coloured Fires, Bengals, 
Lances,Portfires, Torches Lances, Portfires, Torches Lances, Portfires 


Drivers, Saxons, Tourbillions Drivers, Saxons, Tourbillions Drivers, Saxons, Tourbillions 
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Comparison of the Tables of Contents of the Three Editions. (Continued) 


First edition (1972) 


Shells Shells 
Gerbs, Fountains, Rains, 
Squibs, Cones 


Gerbs, Fountains, Rains, 
Squibs, Cones 


Exhibition Fireworks 


The Manufacturing Processes 
for Fireworks Composition"! 


19 Chapters with 274 Pages 


Second edition (1992) 


Exhibition Fireworks 


The Manufacturing Processes 
for Fireworks Composition 


19 Chapters with 318 Pages 


Third edition (1998) 


Shells 
Gerbs, Fountains, Rains, Squibs, 


Exhibition Fireworks 

The Manufacturing Processes 

[cl for Fireworks Compositions. 
Japanese Fireworks"! 


24 Chapters with 448 Pages 


[a] Written by Roy E.A. Butler; [b] Written by J. Mark Lancaster; [c] Written by Takeo Shimizu; [d] Written by 


Thomas A.K. Smith; [e] Written by Ronald G. Hall. 


When the first edition appeared in 1972, it 
was the first new book in English to deal with 
the technical details of firework making since the 
publication of the revised and enlarged second 
edition of George Washington Weingart’s Pyro- 
technics in 1947. The reprinting of Weingart’s 
book in 1968 provided the stimulus for Lancas- 
ter’s first book. Previously, Lancaster had con- 
tributed a chapter on fireworks to Dr. Herbert 
Ellern’s Military and Civilian Pyrotechnics. At 
the time the first edition of Fireworks Princi- 
ples and Practice was published, Lancaster was 
chaplain of Kimbolton School and a firework 
consultant to Pains-Wessex Ltd. He is now the 
Managing Director of Kimbolton Fireworks 
Ltd., by far the largest of the very few remain- 
ing firework manufacturing operations in Brit- 
ain. Lancaster is a Fellow of the Royal Society 
of Chemistry and has been made a Member of 
the Most Excellent Order of the British Empire 
in recognition of his achievements. It is only to 
be expected that the writings of such a distin- 
guished fireworker would be eagerly sought by 
anyone interested in pyrotechny. 


The first two editions are so similar in size 
and appearance that it is difficult to tell them 
apart on the bookshelf. The third edition is a 
larger book, and, unlike the previous editions, is 
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provided with a dust jacket. A very appealing 
feature is a large range of black and white photo- 
graphs, including many from the archives of 
Brock’s Fireworks. The reproduction of these 
photographs does not always do them justice. It 
is disappointing to find poorly reproduced pic- 
tures in an expensive reference book, especially 
when cheap magazines and advertising bro- 
chures routinely contain pictures reproduced to 
a far higher standard. The book is also illus- 
trated with many line drawings. The standard of 
these drawings varies considerably; some are 
first rate, while a few are oversimplified to the 
point of being of little or no value. The few bad 
ones, which have survived all three editions, are 
out of place in an otherwise excellent book. 


The first edition of this book introduced many 
to the work of Dr. Takeo Shimizu, the great 
Japanese pyrotechnist. Dr. Shimizu has contrib- 
uted a whole new chapter to the third edition. 
This chapter, entitled “The Chemistry of Fire- 
work Composition”, is not a general treatment 
of that subject but a selection of concise, infor- 
mative comments on specific effects, including 
firefly, micro-stars, glitter and strobe. 


The three other new chapters include a com- 
prehensive discussion of gunpowder by Lancas- 
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ter, and one by Dr. Thomas Smith on legislation 
for the control of fireworks. This latter subject 
is obviously of vital interest to anyone contem- 
plating an involvement with fireworks. A pro- 
spective pyrotechnist might well conclude that 
the effort and cost of compliance with the ever- 
increasing legislative controls would far out- 
weigh any pleasure or profit that might have 
come from working with fireworks. It is better 
to find this out at the start, and abandon one’s 
pyrotechnic ambitions, than to discover it later. 
Such is the pace of regulation that any summary 
will soon be out of date. The subject certainly 
cannot be ignored and deserves its place in the 
book. 


Lancaster’s son Mark has contributed a most 
interesting chapter on firework displays, with 
discussion of the different display styles typical 
of Spain, Mexico, Malta and Japan. A useful 
glossary of over three hundred terms related to 
fireworks has also been included in this edition. 


The first chapter in the book, R.E.A. Butler’s 
The History of Fireworks, has been extensively 
revised and provides a fascinating, detailed treat- 
ment of the subject. A tremendous amount of 
research must have been carried out in the prepa- 
ration of this chapter. As would be expected, 
there is much information on the British fire- 
work industry. That story is rather depressing. 
In the first half of this century British firms were 
world leaders in fireworks. In more recent years 
the once renowned companies have evidently 
fallen victim to businessmen bent on rationali- 
zation. After a series of mergers, acquisitions and 
takeovers, the old firms have variously aban- 
doned fireworks in favor of military pyrotech- 
nics and signals, given up manufacture of fire- 
works to become importers and display opera- 
tors, or in some instances have disappeared com- 
pletely. One can only wonder just how much 
knowledge and accumulated experience in all 
aspects of firework making has been lost. We are 
fortunate that Ronald Lancaster has provided a 
permanent record of some of the insights he has 
gained in over 35 years in the industry. 


As evident from the Table of Contents, Lan- 
caster’s own chapters cover a great deal of mate- 
rial. In general, these chapters document how 
things were (and are) done in the British fire- 
work industry and are not a compendium of 
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specific, detailed instructions on how to build 
fireworks. Readers seeking such information 
will find it in publications such as Pyrotechnica, 
the Bulletin of the Pyrotechnics Guild Interna- 
tional, and the wide range of material offered 
by American Fireworks News. They would be 
well advised first to read Lancaster for essential 
background information. Lancaster presents a 
large number of formulae; he also outlines the 
procedures and techniques involved in making 
fireworks. He emphasizes that there are all sorts 
of subtle factors that can make the difference 
between success and failure, particularly when 
one needs to produce consistently well-perform- 
ing products on a commercial scale. 


If one had to make any criticism of the con- 
tent of the book, it would be that some of the 
chemicals discussed, while of historical interest, 
really ought not to be used in modern practice. 
Examples include the arsenic sulfides (realgar 
and orpiment) and copper acetoarsenite (Paris 
green). In these days of concern about health 
and safety, the toxicity of the products of com- 
bustion of arsenic compounds should rule out 
their use in pyrotechny. In his chapter on fire- 
work materials, Lancaster writes (p 96): “Arse- 
nic is safe to handle, of course, provided that 
precautions are taken to keep it out of the nose 
and mouth. ...it should be remembered that 
soluble barium, for example, is equally toxic.” 
That is not quite right. While soluble barium is 
undoubtedly toxic, no proven long-term effects 
are known.'"! Ingestion of arsenic is known to 
be associated with serious long-term effects in- 
cluding certain types of cancer.'”! To equate the 
toxicity of arsenic and soluble barium is to un- 
derestimate that of arsenic and to overstate that 
of barium. It would be most unfortunate if zeal- 
ous regulators were to use Lancaster’s remarks 
to justify prohibition of barium salts in fire- 
works. Pyrotechny can well do without arsenic 
but would be much the worse if deprived of 
barium. 


Since the publication of the first edition of 
this book, there has been discussion of the dan- 
gers of mixing aluminium, nitrates and chlorates. 
There is concern that the metal might react with 
the nitrate and form ammonia, which might then 
react with the chlorate to form the spontaneously 
explosive ammonium chlorate.”! An example of 
such a mixture, a green/silver pillbox star, ap- 
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peared on page 92 of the first edition. It is sur- 
prising to find the same composition appearing 
again, without comment, in this edition (p 213). 


These criticisms aside, this book is the latest 
and best version of a classic work by one of the 
leading figures in the firework industry. It should 
be read, and re-read, by anyone who is involved 
with that industry or who has more than a passing 
interest in fireworks. Readers of this Journal will 
want to own a copy, especially if they already 
have an earlier edition. 
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Review of 
Explosives Engineering 


Paul W. Cooper 


Wiley-VCH, Inc., 1996 
ISBN 0-471-18636-8 — 450 pages 


L. Weinman 


9051 Sugartree Trail 
Huntsville, AL 35802, USA 


This book is intended as a non-trivial text 
for those interested in the technology and sci- 
ence that lies behind explosive events and de- 
vices. 


While the book starts with introductions to 
some very basic chemical concepts, this reviewer 
is of the opinion that the book’s intended audi- 
ence is not the rank amateur, but the working 
professional, who may not have a background 
in this area, but is technically competent in some 
engineering or scientific field. This is bolstered 
by a (proper) reliance on the use of mathemati- 
cal descriptions of concepts and events. While 
the math involved is not overly advanced, it does 
require some college level courses to be fully 
comprehended. 


The text comprises six sections containing a 
total of thirty chapters, and is approximately 
450 pages in length. At odds with the book’s 
title is that only the last section actually deals 
with engineering applications. The bulk of the 
book is devoted to the chemistry and physics of 
detonation, explosives, explosive effects, and 
explosive devices. Not obvious from the title is 
the overwhelmingly military/governmental ori- 
entation of the uses and devices presented. How- 
ever, this is not entirely unexpected, especially 
if one considers that the bulk of the basic work 
done in this field is at the behest of the mili- 
tary—and that Mr. Cooper spent most of his 
career employed in that area. Furthermore, pri- 
vate companies and organizations are generally 
reluctant to disseminate what they may consider 
to be proprietary. 
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The first section, Chemistry of Explosives, 
introduces the nomenclature and reactions that 
are needed to understand the basics of explo- 
sives. 


The second section, Energetics of Explosives, 
introduces thermodynamics and goes on to cover 
the thermophysics, thermochemistry, and reac- 
tions that lead to the estimation of the detona- 
tion properties. 


The third section, Shock Waves, continues 
from the previous section by describing the 
phenomena of the shock wave and covers the 
equations and current theory describing the 
shock wave and its interactions. 


The fourth section, Detonation, speaks to the 
effects within the explosive itself. This joins to- 
gether much of the previous material presented. 


The fifth section, J/nitiation and Initiators, 
covers the theory of initiation (which is not lim- 
ited to detonation) and the theory that governs 
the function of some types of initiating devices. 


The last section, Engineering Applications, 
starts with a section on scaling. This is impor- 
tant in many design areas as the required devel- 
opment testing of full scale items may not be 
financially or “politically” feasible. Also cov- 
ered is information on fragments, blast effects, 
jetting, and explosive welding. 


It must be stressed that this book is primarily 
devoted to the area of “high”, or detonating, 
explosives and has minimal, but not zero, in- 
formation dealing with general pyrotechnics, 
and fireworks in particular. However, this re- 
viewer would recommend that the pyrotechnic, 
and especially the fireworks, community read 
and understand the information presented in the 
excellent section on initiators and particularly 
the section on hot-wire initiators. 


In contrast to an earlier book by Mr. Cooper, 
also published by Wiley-VCH, this book is rea- 
sonably free of typographic and other errors. 


The reviewer would recommend this book to 
anyone who wanted to increase their knowledge 
and understanding of the field of explosives and 
their effects. 


* K * 
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Review of 
Selected Pyrotechnic 
Publications of Dr. Takeo 
Shimizu, Part 3: Studies on 
Fireworks Colored-Flame 
Compositions 


Dr. Takeo Shimizu 


Journal of Pyrotechnics, 1998 
ISBN 1-889526-11-8 


Barry Sturman 


6 Corowa Court, Mount Waverley, 
Victoria 3149 Australia 


This latest volume in the Pyrotechnic Litera- 
ture Series presents a series of papers on work 
done by Dr. Shimizu in 1958 at the Hosoya 
Fireworks Company. Originally published in the 
Journal of the Industrial Explosives Society, Ja- 
pan, the papers have been translated into Eng- 
lish for this publication. Dr. Shimizu himself 
translated all but one of them. Even though this 
work is about 40 years old, it is by far the most 
complete and authoritative on the subject. This 
extensive volume (120 pages) will be of great 
interest for anyone wanting to acquire a scien- 
tific understanding of colored pyrotechnic 
flames. Those of a more practical inclination will 
find many formulas for colored flame composi- 
tions, nearly always with extensive detail on the 
effects of varying the proportions of the ingre- 
dients. 


The work begins with a theoretical discus- 
sion of the line-reversal method of measuring 
the temperature ofa flame. Unfortunately a typo- 
graphical error in the initial explanation of the 
method will be confusing to those new to the 
subject. No doubt this will be corrected in future 
printings. The diagram on page 2, which illus- 
trates this section, is correct. 


In the following chapter, Dr. Shimizu pre- 
sents the results of applying the line-reversal 


Page 65 


method to the measurement of the flame tem- 
peratures of burning firework compositions. The 
conclusions of this work have been published 
briefly elsewhere;''*! this paper gives all the detail 
that is so characteristic of Dr. Shimizu’s work. 


Dr. Shimizu next discusses the spectra of col- 
ored pyrotechnic flames. The first paper in this 
section focuses on the spectral features observed 
in the flames of compositions without added 
color-producing agents. These background spec- 
tra contribute to the color of the flame, usually 
to its detriment. Dr. Shimizu identifies the in- 
tense yellow emission from sodium (present in 
impurities) and continuous “black body” spec- 
tra from incandescent particles as the main back- 
ground features that detract from the color of 
pyrotechnic flames. The spectral backgrounds of 
the various flames are discussed in detail and 
approaches to reducing the backgrounds are ex- 
plained. 


The next paper treats red, yellow and green 
firework flames. Spectra of flames from compo- 
sitions containing salts of strontium, sodium, 
barium and calcium are presented and discussed. 
At the time this work was being done academic 
spectroscopists were studying colored flames 
with the aim of identifying the molecules respon- 
sible for the characteristic spectral features. In 
an author’s note, Dr. Shimizu relates the find- 
ings of one such study”! to his own observations 
and his earlier conclusions. The spectral bands 
he originally attributed to gaseous strontium 
monoxide (SrO) turned out to come instead from 
strontium monohydroxide (SrOH) and strontium 
monochloride (SrCl). Dr. Shimizu correctly 
identified the main species responsible for the 
green color of barium flames as barium mono- 
chloride (BaCl). He correctly points out that 
gaseous barium monoxide (BaO) produces emis- 
sion bands over most of the visible spectrum, 
coloring the flame white.'*! Gaseous barium 
monohydroxide (BaOH, not mentioned by Dr. 
Shimizu) has green emission bands that overlap 
those of BaCl and extend further towards the 
blue end of the spectrum.) Presumably, their 
presence would not detract from the color of a 
green flame. In practice, the production ofa clear 
green flame entails maximizing the emission of 
BaCl and minimizing that of BaO. Dr. Shimizu 
notes that pyrotechnic flames colored with cal- 
cium compounds can range from nearly red to 
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yellowish. The color depends on the relative in- 
tensities of the red and orange bands from cal- 
cium monochloride (CaCl) and the green and 
orange bands that Dr. Shimizu attributes to cal- 
cium monoxide (CaO) but which spectroscopists 
have shown to come from calcium monohy- 
droxide (CaOH).4"°! 


Flames colored with sodium salts derive their 
yellow color from the pair of sodium atomic 
emission lines at 589.0 and 589.6 nanometers. 
The color is strongly influenced by the presence 
ofa background of continuous radiation. In high 
temperature flames this can be so intense that 
the flame is a yellowish-white color. In cooler 
flames containing potassium salts, the flame ap- 
pears reddish yellow; with ammonium perchlo- 
rate, “the flame looks pure yellow”. 


Dr. Shimizu devotes an entire chapter to blue 
firework flames. He begins with a description 
of what happens when a copper wire is intro- 
duced into the flame of a gasoline burner, with 
and without the introduction of hydrogen chlo- 
ride or chlorine gas. Three colors are seen: blue, 
light green and red-orange. The last, writes Dr. 
Shimizu, “always appears at the tip of the flame. 
Therefore it may be caused by CuO due to the 
oxygen in the air”. The correctness of this sug- 
gestion is supported by the spectroscopy litera- 
ture, which lists a series of bands from CuO in 
the orange-red region of the spectrum.” Dr. 
Shimizu writes, “It is well known that blue 
flames come from CuCl band spectra. However 
where does the light green come from? Perhaps 
the emitter has a different structure from that of 
the blue.” Once again Dr. Shimizu’s suggestion 
is confirmed by the spectroscopists, who attrib- 
ute the green emission to CuOH."*! The problem 
of creating a satisfactory blue flame is essen- 
tially that of maximizing the intensity of the 
CuCl spectrum in the flame. Dr. Shimizu dem- 
onstrates how this can be done with composi- 
tions using ammonium perchlorate and potas- 
sium perchlorate, and he explains the great su- 
periority of the former. The effect of various 
chlorine donors is also discussed, and the diffi- 
culty of achieving a satisfactory blue flame with 
high-temperature compositions based on mag- 
nesium is explained. 


A short chapter discusses the flame spectra 
of high-temperature compositions that contain 
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aluminium instead of magnesium. The behavior 
of the two metals is very different, with alumin- 
ium tending to form sparks. Dr. Shimizu sug- 
gests that the difference is associated with the 
higher melting point of aluminium. The context 
indicates that boiling point is intended (“the 
vaporization of aluminium in the flame is not 
complete”). The melting points of the two met- 
als are similar (660.4 °C for Al, 648.8 °C for 
Mg) but their boiling points are very different 
(2467 °C for Al, 1107 °C for Mg).'”! In the text 
the melting points are given as 1800 °C for Al 
and 1100 °C for Mg. These are incorrect, and 
the value quoted for Al would also be incorrect 
for the boiling point. Dr. Shimizu comments on 
the beauty of the sparks produced from some of 
the mixtures he tested. He notes that the best 
color effects were produced with lower percent- 
ages of aluminium in the composition, but “the 
effects are much less than when magnesium is 
used in the compositions”. The conclusion is “it 
is difficult to obtain good colored flames when 
using aluminium as the fuel”. 


The final paper discusses compositions for 
practical use. This chapter alone would be worth 
the price of the book. The results of the previ- 
ous chapters are summarized, and examples of 
effective compositions are presented. An enor- 
mous amount of work must have gone into mak- 
ing and testing all these compositions. In nearly 
every case triangle diagrams show the range of 
components that can produce effective results. 
An exception is the final composition given, 
that “burns with a beautiful blue when the di- 
ameter is more than 20 mm”. This composition 
is most unusual, consisting of barium nitrate, 
magnesium, hexachloroethane and copper pow- 
der. A similar mix of the first three ingredients 
is reported to make a “very good” green flame.'*! 
It is interesting that a rather small variation, 
with the addition of only 5 additional percent of 
copper powder, can make “a superior blue”. 


The publication includes a biography of Dr. 
Shimizu, compiled by Craig Villeneuve. This, 
consisting largely of an autobiography that Dr. 
Shimizu provided to Mr. Villeneuve in response 
to a request for information about his life and 
influences, provides a nice balance to the tech- 
nical material presented in the rest of the vol- 
ume. 
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A few apparent errors were noticed. Some 
have already been mentioned; it is also worth 
noting that on page 57, column 2, paragraph 5, 
line 2, “strontium sulfate” appears where it seems 
that “strontium nitrate” was intended. Strontium 
sulfate is almost insoluble in water and could 
not be used in the preparation of strontium car- 
bonate as described. Strontium nitrate would be 
perfectly satisfactory. Several of the Figures in 
Chapter 7 show “CCl,” (i.e., hexachloroben- 
zene) while the text refers to hexachloroethane 
(C2Cl¢) and never to hexachlorobenzene. Pre- 
sumably the Figures should show “C,Cl,”. 


Table 10, page 29, lists color agents tested 
with ammonium perchlorate. The list includes 
strontium chlorate and barium chlorate; these 
could well be misprints. It would be dangerous 
to mix chlorates with ammonium perchlorate."”! 
In the continuation of table 10 on page 30, bar- 
ium chloride is listed, not barium chlorate, but 
sodium chlorate appears where sodium chloride 
was listed on page 20. It is very likely that 
“chloride” was intended, not “chlorate”, through- 
out Table 10. 


This publication is an important contribution 
to the literature of pyrotechny. It is highly rec- 
ommended to all those interested in the scien- 
tific and technical aspects of colored pyrotech- 
nic flames. 
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This publication addresses a much wider 
range of hearing protection issues than explosive 
noise per se. Despite its being structured spe- 
cifically around British standards and regula- 
tions, its applicability to noise sources of all 
kinds should make it useful to safety personnel 
and industrial hygienists in any manufacturing 
environment. 


The guide opens with a comprehensive check- 
list for assessing noise problems, possible meth- 
ods for reducing noise and noise exposure, 
choosing the most appropriate protective de- 
vices, managing the use of hearing protection by 
employees, and keeping records. The essentials 
that must be considered in any hearing protec- 
tion program are concisely addressed in this 
convenient and easily understood tool. 


As mentioned previously, some sections of 
the publication deal with regulations that apply 
only in the United Kingdom. Persons in other 
parts of the world must therefore view these 
sections in the context of their own country’s 
laws and standards, and make appropriate allow- 
ances. Still, taken as generalities, there are many 
universally applicable concepts available in 
these pages. 


Other sections deal with the training of com- 
petent persons to oversee hearing protection pro- 
grams, the assessment and selection of equip- 
ment, the care and maintenance of protective 
equipment, training of employees, and the sur- 
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veillance of employee health (audiometry). 
While all of these are useful, the section on the 
assessment and selection of equipment will 
probably be of primary technical interest to most 
readers. Various types of noise exposure and 
methods for their quantification are discussed, 
as are commonly used measuring instruments. 
The characteristics, strengths, and weaknesses 
of available hearing protection devices are pro- 
vided in a detailed table, and equipment selec- 
tion methods based on noise type, frequency, and 
intensity are presented. The latter are keyed to 
very helpful worked examples with all calcula- 
tions, found in the appendices (called “annexes” 
in this publication). 


The appendices contain, in addition to the 
worked calculations, an extensive list of related 
books and publications, British legislation and 
British Standards, resource addresses, and a 
glossary of terms. The publication is 53 pages in 
length, including references, appendices, and 


glossary. 


* K * 
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ISBN 0-85404-563-5 


K. L. Kosanke 
1775 Blair Road, Whitewater, CO 81527, USA 


This 173-page, paper-bound book was pub- 
lished by the Royal Society of Chemistry (RCS) 
and authored by Jacqueline Akhavan of Cran- 
field University, Royal Military College of Sci- 
ence, United Kingdom. The text potentially 
helps fill a gap in the literature of explosives by 
providing more information on the chemistry of 
manufacturing and functioning of explosives. 
Unfortunately, it still is much more a text about 
explosives than it is about the chemistry of ex- 
plosives. Even more unfortunately, it is not a 
particularly good book. Its approach is fairly 
superficial and it contains a disturbing number 
of errors. 


Writing a text book is an incredibly ambi- 
tious undertaking, especially for an individual 
author. Not only is there the need to assemble a 
tremendous amount of information, but also that 
information needs to be essentially 100% cor- 
rect. Even being 99% correct is really not good 
enough. Probably what was needed, in the case 
of this text, was one or two additional authors 
(or paid editors) to help identify and eliminate 
the more consequential errors that found their 
way into the text. If these errors are corrected in 
the second edition of this work, it would be a 
fairly good general reference text, and if it is 
expanded to include more actual chemistry, it 
would potentially be quite a good text. 


Chapter 1, Introduction to Explosives is a brief 
and fairly interesting historically based discus- 
sion of explosives. 


Chapter 2, Classification of Explosive Materi- 
als identifies the classes of explosive materials 
and goes on to present a moderate amount of 
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technical information about a collection of pri- 
mary and secondary high explosives. 


Chapter 3, Combustion, Deflagration and Deto- 
nation is a summary of some basic information 
about these processes, with the greatest atten- 
tion paid to detonation. 


Chapter 4, Ignition, Initiation and Thermal De- 
composition is a brief introductory discussion 
of these subjects. 


Chapter 5, Thermochemistry of Explosives is a 
fairly thorough discussion of the subject as ap- 
plied to secondary high explosives, especially 
considering the length of the text. Here there is 
a greater emphasis on chemistry than most texts 
on explosives. 


Chapter 6, Equilibria and Kinetics of Explosive 
Reactions contains some information rarely seen 
in texts on explosives, but only addresses sec- 
ondary high explosives. 


Chapter 7, Manufacture of Explosives is an in- 
teresting presentation of general information on 
the manufacture of various high explosives. 


Chapter 8, Introduction to Propellants and Py- 
rotechnics is an extremely brief introduction to 
broad and complex subjects. 


Some of the more noteworthy strengths of 
this text are its Table of Contents and Subject 
Index, both of which are extensive and definitely 
facilitate using the text for reference. Also it 
provides more information about the chemistry 
than most other texts on explosives. 


As stated above, the greatest weaknesses of 
this text are that it only contains a little more 
chemistry than other texts on explosives, and 
that it contains a troublesome number of errors 
as well. A few examples of these errors are: 


Page 23 lists “potassium chlorate” as a primary 
explosive, when it definitely is not. 


Page 46 gives atmospheric pressure as 9.869 
N-mm” and uses this number in a calculation, 
when this pressure is about 100 times too great. 


Page 56 states that deflagrating explosives are 
“not affected by strength of container”, when 
there is little if anything else that affects their 
performance more than the degree of confine- 
ment. 
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Page 59 incorrectly identifies the thermal run- 
away (or critical) temperature as the ignition 
temperature for a pyrotechnic. 


Page 65 states “Almost all explosive trains con- 
tain a primary explosive as the first component.” 
One of the most common explosive trains is the 
detonator (blasting cap), which begins with a 
pyrotechnic igniting and/or delay charge before 
the primary high explosive component. 


Page 68 states “The amount of chemical energy 
H generated by the decomposition of an explo- 
sive will give information on the sensitivity of 
the explosive ... a high value of H will result in 
a more sensitive explosive.” This seems to be a 
confusion of enthalpy (heat) of reaction and acti- 
vation energy. It is also wrong and is contra- 
dicted by Table 5.12 in this text, which docu- 
ments primary (sensitive) explosives as gener- 
ally being poorer energy producers than secon- 
dary (relatively insensitive) explosives. 


Page 76 states “The heats of formation for a 
reaction containing explosive chemicals can be 
described as the total heat evolved when a given 
quantity of a substance is completely oxidized 
in an excess amount of oxygen, resulting in the 
formation of carbon dioxide, water and sulfur 
dioxide.” At best this is a bad mix of definitions 
for heat (enthalpy) of combustion and heat (en- 
thalpy) of reaction; and it definitely is not cor- 
rect. 


Page 95 equates force (F) to (nRT) and (PV), 
when the terms from the ideal gas equation 
have the units of work (force times distance). 


Page 154, when discussing heat-generating de- 
vices, states “Heat generating pyrotechnic com- 
positions contain zinc, zirconium or barium 
chromate, and manganese.” when at best this is 
overly simplistic and appears to be a failed at- 
tempt to borrow from Ellern’s Military and Civil- 
ian Pyrotechnics. 


For additional comments regarding the chap- 
ter on pyrotechnics, see the following review by 
Barry Sturman. It is hoped that there will some- 
day be a corrected and expanded second edition 
of this book, and that it will then become the 
excellent text it could be. 


* KK * 
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Review of 
The Chemistry of Explosives 


Jacqueline Akhavan 


RCS Paperbacks, 1998 
ISBN 0-85404-563-5 


Barry Sturman 


6 Corowa Court, Mount Waverley, Victoria 3149 
Australia 


The prestigious Royal Society of Chemistry 
(RSC) is the professional organization of Brit- 
ain’s chemists. It also publishes many books 
and journals on chemistry and related subjects, 
including RSC Paperbacks. According to the 
Society, “RSC Paperbacks are a series of inex- 
pensive texts suitable for teachers and students 
and give a clear, readable introduction to se- 
lected topics in chemistry. They should also 
appeal to the general chemist.”!'*! A book from 
this source on the chemistry of explosives is 
expected to be a very useful addition to the lit- 
erature, especially when the author is a Senior 
Lecturer at Cranfield University, Royal Military 
College of Science, UK. 


To form an opinion about a new textbook that 
deals with subjects with which one is somewhat 
unfamiliar, one naturally turns to those sections 
about which one does have prior knowledge. In 
this instance, it was appropriate to look at the 
sections on the history of explosives and on 
pyrotechnics. It did not take long to get the im- 
pression that all was not well. 


On the very first page it is stated that “in 
220 BC an accident was reported involving black 
powder...”.!""! This statement surely needs a 
supporting reference, but there is none. In the 
second paragraph the old legend of “a German 
monk called Berthold Schwartz” is repeated as 
if it were fact, complete with a date (1320),!"! 
Almost 40 years ago, Professor J. R. Partington 
wrote of Berthold Schwartz: “Black Berthold is 
a purely legendary figure like Robin Hood (or 
perhaps better, Friar Tuck); he was invented 
solely for the purpose of providing a German 
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origin for gunpowder and cannon”.”! Dr. Ak- 
havan does not cite Partington, but she does cite 
“The Chemistry of Powder and Explosives” by 
Professor T. L. Davis.) Davis, who wrote in 
the early 1940s, refers to Berthold Schwarz and 
it is clear that the issue of whether Schwarz was 
a historical figure (as distinct from a legendary 
one) was controversial even then." 


The section on pyrotechnics includes a table 
of pyrotechnic smoke compositions.''*! Column | 
of that table, labeled “Pyrotechnic composition”, 
includes “silicon tetrachloride and ammonia 
vapour”, an example of a non-pyrotechnic smoke 
producing system. The list also includes “phos- 
phorous (sic) pentoxide and phosphoric acid”. 
These materials, far from being an example of a 
“pyrotechnic composition”, are the products of 
combustion of white phosphorus burning in air. 
Incidentally, it is most surprising to see the word 
“phosphorus” spelled incorrectly in a publica- 
tion of the Royal Society of Chemistry. 


The section on light generating compositions 
contains the statement “In order to emit light in 
the visible region the temperature of the reaction 
must be greater than 3000 K”."'“! This is obvi- 
ously wrong. A candle flame emits visible light, 
and its temperature is nowhere near 3000 K. Dr. 
Shimizu lists the burning temperatures of several 
fuel and oxidant combinations useful for col- 
oured flames; they range from 2025 to 2455 °C 
(2298 to 2728 K),"! 


The section on coloured light also contains a 
fundamental error. Dr. Akhavan identifies the 
chemical species responsible for the emission of 
red, green and blue light from compositions 
containing compounds of strontium, barium and 
copper, respectively, as the ionized metal mono- 
chloride molecules SrCl°, BaCl° and Cucl’"! 
This contradicts the pyrotechnic literature, 
which clearly identifies the principal emitting 
species as the neutral monochloride molecules. 
See, for example references 4a, 5, and 6. 


In the section on noise-generating pyrotech- 
nics, Dr. Akhavan states “A louder bang can be 
achieved by using a pyrotechnic flash powder 
which generates more gas than black powder 
and therefore produces a louder bang”.'"*! Is it 
true that flash powder “generates more gas than 
black powder’? Flash powder can be a simple 
mixture of potassium perchlorate and powdered 
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aluminium.'”! The gas responsible for the explo- 
sive effect of such a flash powder is presumably 
potassium chloride and aluminium oxide that 
have been vaporized by the heat of the reaction. 
Simple chemical calculations show that a flash 
powder consisting of a stoichiometric mixture 
of aluminium and potassium perchlorate would 
produce 0.004751 moles of potassium chloride 
and 0.006334 moles of aluminium oxide per 
gram of powder. If all the products were vapor- 
ized, they would produce 0.011085 moles of 
gas per gram of powder. If the vaporized prod- 
ucts were dissociated to some extent at the tem- 
perature of the reaction, then the number of 
moles of gas would be correspondingly greater. 
As for black powder, Davis'*"! cites the results of 
Noble and Abel, who found that | gram of 
black powder produced 271.3 cc of permanent 
gas measured at 0 °C and 760 mm. This corre- 
sponds to 0.0121 moles of gas per gram of 
powder, even without taking account of the 
possibility that some of the solid products 
would be vaporized, and some of the gaseous 
products dissociated, at the temperature of reac- 
tion. These calculations show that it is most 
unlikely that flash powder “generates more gas 
than black powder”. Flash powder produces a 
louder bang than black powder, despite produc- 
ing less gas per unit mass, because it reacts 
faster and at higher temperatures, thus produc- 
ing a more rapid release of high-pressure gas. 


Having found so many errors and mislead- 
ing statements in so few pages, this reader lost 
confidence in Dr. Akhavan’s book. The other 
sections of the book might be models of accu- 
racy; they might also be as unreliable as the 
statements just discussed. 


The statement on the back cover indicates 
that the book is “ideal for ‘A’ level students and 
new graduates with no previous knowledge of 
explosive materials. It will also be useful to 
anyone needing succinct information on this 


subject”.!"! Regrettably, one cannot agree with 
these statements, at least in regard to pyrotech- 
nics. It is to be hoped that a properly revised 
and edited second edition will be published in 
due course. 
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Events Calendar 


Pyrotechnics 


NDIA - Insensitive Munitions & Energetic 
Materials 

Nov. 29—Dec. 2 1999, Tampa, FL, USA 
Contact: Megan McCrory 

National Defense Industrial Assoc. Event #055 


2111 Wilson Boulevard, Suite 400 
Arlington, VA 22201-3061 


e-mail: mmcecrory@ndia.org 
Web site: = www.adpansia.org/interview/ 
register.ndia 


Pyrotechnic Chemistry 
Instructors: Ken and Bonnie Kosanke 


March 6-7, 2000, Gatton, QLD, Australia 
Contact: Clive Featherby 


Freepost 99, PO Box 1103 
Nambour, Qld 4560, Australia 


Phone: +61-7-5446-8236 

FAX: +61-7-5446-8456 

e-mail: jwagner@bigpond.com 
Web site: =www.kcsfireworks.com.au 


5" International Symposium on Fireworks 
April 10-14, 2000, Naples, Italy 


Contact: Dawn Stewart 


Phone: +613-995-1026 
FAX: +613-995-1230 
e-mail: driche@ncrcan.gc.ca 


3"! Seminar “New Trends in Research of 
Energetic Materials” 

April 12—13, 2000, Pardubice, Czech Republic 
Contact: Prof. Pavel Vavra 

Dept. Theory & Technology of Explosives 


University of Pardubice 
CZ-532 10 Pardubice, Czech Republic 


5" Int. Symp. on Special Topics in Chemical 
Propulsion Combustion of Energetic Mat. 
June 19-22, 2000, Stresa, Italy 

Contact: Prof. Kenneth K. Kuo, Co-Chair. 

140 Research Building East, Bigler Road 
Pennsylvania State university 

University Park, PA 16802, USA 


Phone: +814-863-6270 

FAX: +8 14-863-3203 

e-mail: kkkper@entr.psu.edu 

Web site: © www.me.psu.edu/kup/5-isicp 


31 Int. Annual Conf. of ICT “Energetic 
Materials — Analysis, Diag. and Testing” 
June 27-29, 2000, Karlsruhe, Germany 
Contact: Manuella Wolff 

Fraunhofer-Inst. fiir Chem. Technologie (ICT) 
P. O. Box 1240 

D-76318 Pfinztal (Berghausen), Germany 


Phone: +49-(0)721-4640-121 
FAX: +49-(0)721-4640-111 
e-mail: mw (@ict.fhg.de 
Web site: www.ict.fhg.de 


27" International Pyrotechnics Seminar 
July 16-21, 2000, Grand Junction, CO, USA 


Contact: Alita Raoch, IPS 2000 Coordinator 
Los Alamos, NM 87545, USA 


Phone: +505-665-6277 
FAX: +505-665-3407 
e-mail: alita@lanl.gov 

Web site: | www.ipsusa.org 


Chemistry of Pyrotechnics & Explosives 
July 23—28, 2000, Chestertown, MD, USA 
Advanced Pyrotechnic Seminar: Explosives 
& Propellants—The Past, Present & Future 
Jul. 30—Aug 4, 2000, Chestertown, MD, USA 


Contact: John Conkling 
PO Box 213 
Chestertown, MD 21620, USA 


Phone: +42-40-603-8023 

FAX: +42-40-603-8024 

e-mail: pavelvavra@upce.cz 

Web site: =www.intlpyro.org/Czech1/htm 
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Phone: +410-778-6825 
FAX: +410-778-5013 
e-mail: John.Conkling@washcoll.edu 
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2"" Int’! Disposal Conference 


November 2000 

Contact: Mr. Ola Listh, FOA 

SE-172 

90 Stockholm, Sweden 
Phone: +46-8706-3510 
FAX: +46-8706-3521 
e-mail: listh@sto.foa.se 


5th Int’] Symp. & Exhibition on Sophisti- 
cated Car Occupant Safety Systems 
“Airbag 2000+” 


Contact: Manuella Wolff 

Fraunhofer-Inst. fiir Chem. Technologie (ICT) 
P. O. Box 1240 

D-76318 Pfinztal (Berghausen), Germany 


Phone: +49-(0)721-4640-121 
FAX: +49-(0)721-4640-111 
e-mail: mw @ict.fhg.de 


Web site: = www.ict.fhg.de 


Explosives 


Computational Mech. Assoc. Courses—2000 
Introduction to Explosives (Mar 6-10) 
Detonation: An Engineering Approach 
(March 21-24) 

Explosive Initiation and Initiators 
(April 25-28) 

Material Behavior at High Strain Rates 
(April 25-28) 

Explosive Effects and Applications 
(May 16-19) 

Fundamentals of Shaped Charges 
(June 12-16) 


Conact: Computational Mechanics Associates 
PO Box 11314, 
Baltimore, MD 21239-0314, USA 

Phone: +410-532-3260 

FAX: +410-532-3261 


Fireworks 


Pyrotechnics Guild International Conv. 
Aug. 7-11, 2000, Muskegon, MI , USA 
Contact: Steve Franklin, Chairman 
2866 Vandenberg 
Muskegon, MI 49444, USA 

Phone: +616-737-9903 

e-mail: sfsummit@aol.com 

Web site: www.pgi.org 


11" Western Winter Blast 
Feb. 11-13, 2000, Lake Havasu, AZ, USA 
Contact: Steve Rhodes 

Phone: +906-685-2968 

e-mail: remains4u@aol.com 

Web site: — wpa.pyrotechnics.org 
Fireworks Display Operator Training 

Instructors: Ken and Bonnie Kosanke 

March 8-10, 2000, Gatton, Qld, Australia 
Contact: Clive Featherby 


Freepost 99, PO Box 1103 
Nambour, Qld 4560, Australia 


Phone: +61-7-5446-8236 
FAX: +61-7-5446-8456 
e-mail: firework@dcc.net.au 


Web site: © www.kcsfireworks.com.au 


High Power Rocketry 


LDRS 2000 
July 1-4, 2000, Orangeburg, SC, USA 


Contact: see web site 
www.tripoli.org/launchpad/LDRS2000.html 


Model Rocketry 


NARAM 2000 
July 20—Aug. 4, 2000 — SE Colorado, USA 
Contact: — see web site for details: 


http://www.naram2000.org 


For launch information visit the NAR Web 
site: wWww.nar.org 
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Guidance for Authors of Full Articles 


Style Guide: 


The Journal of Pyrotechnics has adopted the 
ACS Style Guide. It is not necessary that authors 
have a copy; however, a copy can be purchased 
from the American Chemical Society, Distribution 
Office, Dept. 225, 1155 16th Street NW, Washing- 
ton, DC 20036, telephone (800) 227-5558 or (202) 
776-8100. 


Manner of Submission: 


Submissions should be made directly to the 
publisher at the address below. Upon receipt of an 
article, the author will be sent an acknowledgment. 
For specific requests regarding editors, etc. please 
include a note with that information. Preferably the 
text and graphics are submitted on disk (3-1/2" or 
Zip) in IBM format with a printed copy as backup. 
The Journal is currently using Microsoft Word for 
Windows, which allows for the import of several 
text formats. Graphics can also be accepted in sev- 
eral formats. Please also inform us if any materials 
need to be returned. 


General Writing Style: 


e The first time a symbol is used, please write it 
out in full to define it [e.g., heat of reaction 
(AH,) or potassium nitrate (KNO3)]. 


e Avoid slang, jargon, abbreviations and contrac- 
tions. 


e Use the active voice whenever possible. 


e The use of third person is preferred; however, 
first person is acceptable where it helps keep the 
meaning clear. 


Format: 


In addition to the authors’ names, please in- 
clude an affiliation for all authors and an address 
for at least the first author. 


There needs to be a short abstract at the start of 
the article. (An abstract is a brief summary of the 
article, not a listing of areas to be addressed.) 
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Include 3 to 5 keywords (more if necessary) to 
be used in a reference database. Multi-word names 
and phrases constitute only one keyword (e.g., po- 
tassium nitrate or heat of reaction). 


Use of SI units is preferred. If English units are 
used, please provide a conversion to the appropriate 
SI units. 


Figures, Photos, and Tables are numbered sepa- 
rately; each type starts with | and is then numbered 
consecutively. For submission, place them at the 
end of the text or as separate files. During page 
composition, they will be inserted into the text as 
appropriate. For graphs, please also submit “raw” 
X-Y data. 


References cited in the text will be referred to 
by number (i.e., “Smith! states”; or “the re- 
search'*! shows ...”). In the reference section, they 
will be ordered by usage, not alphabetically. A full 
citation is preferred, including author, title, book or 
journal, publisher for books, and volume and pages 
for journals, etc. Examples: 


1) A.E. Smith, Pyrotechnic Book of Chemistry, 
XYZ Publishers (1993) [p nn — optional]. 


2) A.E. Smith, R.R. Jones, “An Important Pyro- 
technic Article”, Pyrotechnic Periodical, Vol. 
22, No. 3, [p n—n — optional] (1994). 


Editing: 


The Journal of Pyrotechnics is a refereed jour- 
nal. However, the editing style is friendly, and the 
author makes the final decision regarding what 
editing suggestions are accepted. 


More Information: 
Contact: 


Bonnie Kosanke, Publisher, 
Journal of Pyrotechnics, Inc. 
1775 Blair Road 

Whitewater, CO 81527, USA 


Phone/FAX: +970-245-0692 


e-mail: bonnie@jpyro.com 
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